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Reflective optics-based line-scanning spectral domain optical coherence tomography 
system 
Mohammad Abu Hana Mustafa Kamal, Ph.D. 
Concordia University, 2011 
Optical Coherence Tomography (OCT) is a high-resolution non-invasive and non-contact 
imaging technology. Traditionally, multi-axis spot-focused scanning is used for 
transverse scanning to obtain a two or three-dimensional OCT image. This increases the 
time to acquire an image and imaging performance is affected by motion artifacts. 
Moreover, lenses are used in the state-of-the-art OCT systems that reduce the axial 
resolution due to chromatic aberration, and affect the imaging quality due to distorted 
scan field.  
In order to avoid the problems mentioned above, the objective of the present thesis is to 
develop a reflective optics-based line-scan spectral domain OCT system for high-quality 
three-dimensional imaging. Cylindrical mirror used in this thesis for focusing eliminates 
chromatic aberration and provides a flat scan field. Line scanning reduces the 
requirement of scanning to one axis and thereby making the image acquisition faster. A 
novel reflective optics based line-scanning system with a spectrometer has been designed, 
and also the scanning system has been verified experimentally.    
iv 
 
The design of the scanner includes analytical and optical modeling of the proposed 
scanning configuration, along with the development of experimental setup and validation. 
Scanning system parameters that affect the imaging quality were studied and selected in 
the design. In addition, optical modeling of a reflective optics spectrometer was carried 
out, and an analytical model was developed for spectral domain OCT signal processing. 
Marechal criterion of Strehl Ratio above 0.8 was used as a benchmark to evaluate the 
imaging quality of the proposed system. 
To validate the line scanning model, an experimental setup consisting of a 53nm spectral 
bandwidth light source with cylindrical mirrors of 25.85mm and 51.7mm focal lengths 
was developed. Scanning was performed in both tangential and sagittal directions. The 
improvement in imaging performance by using sagittal scanning was demonstrated. It 
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Chapter 1:  Introduction and literature review 
1.1 Introduction 
The most common biomedical imaging modalities include X-ray radiography, ultrasound 
imaging, X-ray computed tomography (CT), magnetic resonance imaging (MRI), 
confocal microscopy, etc. Most of these techniques permit three-dimensional 
visualization but the resolution is limited for standard clinical applications. For example, 
ultrasound imaging can penetrate tens of millimeters but the resolution is typically from 
100µm to 1mm. High frequency sound waves are required for finer resolution ultrasound, 
but high frequencies are strongly attenuated in biological tissues [1]. Moreover, poor 
transducer-air coupling prevents the use of ultrasound for high-resolution endoscopic 
applications. CT scans involve potentially hazardous ionizing radiation, as do plain 
radiographs and fluoroscopy. Magnetic resonance imaging (MRI) is bulky and expensive. 
Confocal microscopy technique can achieve submicron resolution, but the penetration 
depth is less than 1mm. Optical coherence tomography (OCT) is an optical technology 
currently emerging as a promising new addition to biomedical imaging because of its 
high speed and high resolution. The resolution of OCT is 1µm to 15µm, which is much 
finer than most biomedical imaging techniques, and depth of penetration of OCT is about 
2 to 3mm. Depth of focus of OCT imaging can be increased by employing a dynamic 
focusing system [2]. Consequently, OCT has higher resolution than ultrasound and higher 
penetration than confocal microscopy. Hence it fills the gap between ultrasound and 
confocal microscopy. Comparison between the resolution and the penetration depth of 
different types of biomedical imaging systems is shown in Figure 1.1.  
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Figure 1.1: Resolution & penetration depth of different biomedical imaging techniques 
[3]. 
1.2 Brief history and applications 
Huang et al. [4] first demonstrated OCT imaging in vitro in the human retina in 1991. 
Since that time, OCT has been used in rapidly emerging applications of various fields in 
clinical medicine and materials science research. The performance and capabilities of 
OCT imaging technology have also improved dramatically in recent years which include 
the development of real-time imaging [5-7], high performance, and reliability at lower 
cost [8]. Today OCT is widely used clinically because it provides in vivo images with 
higher resolution than possible with any other biomedical imaging techniques. In addition 
to ophthalmology, biomedical applications of OCT include the dentistry [9], 
gastrointestinal endoscopy [10], optical biopsy [11], dermatology [12], respiratory tract 
[13], gynaecology [14], and tissue engineering studies [15, 16]. OCT catheters and 
3 
endoscopes have been drawing more attention for future clinical applications [17, 18]. 
Endoscopic OCT has successfully been used to capture subsurface images of segments of 
the mucosal tissues of internal organs in the respiratory, urinary, pulmonary, 
gastrointestinal, and reproductive systems [17, 19]. On the other hand, nonmedical 
applications of OCT include artworks diagnostics [20, 21], polymer or fiber composite 
materials investigations etc. to name a few [22-24]. 
1.3 Endoscopic OCT  
Currently the most clinically successful application for an OCT is in the area of 
ophthalmology. Endoscopic OCT (EOCT) imaging shows great potential for non-
invasive, in vivo clinical applications [25]. An endoscopic optical biopsy using OCT was 
first reported in 1997 by Tearney et al [26]. In the same year, endoscopic OCT imaging 
was also reported by A. M. Sergeev et al. [17]. Rotary fiber optics scanning using a micro 
prism was used for the first endoscopic OCT system [26]. In 2001, Pan Y. et al. [27] first 
introduced micro-electro-mechanical system-based scanning (MEMS) for the 
miniaturization of an OCT probe.  
Reliable, compact, and portable design is essential for the convenient access of internal 
organs. This is a challenging task for endoscopic scanning. Scanners with high-
resolution, high-speed, large scan range and lightweight that consume less energy are 
desirable for endoscopic imaging applications. The challenges for high speed scanning 
include the optical, engineering, and biological aspects of endoscopic imaging [17]. 
Various types of scanner configurations, including forward scanner [28], side sector 
scanner, side linear, and circumferential scanner, were reported [29] for endoscopic 
4 
imaging by integrating MEMS and fiber optics technology.  Side and circumferential 
imaging endoscopic OCT probes are suitable for imaging within tubular organs, such as 
vascular systems, gastrointestinal tracts, breast ducts, and urinary tracts. Forward-
imaging OCT probes can be very useful in providing tissue structural information ahead 
of the catheter probe, such as for image-guided biopsy or device placement [28].   
1.4 Overview of OCT principle 
OCT is a high-resolution non-invasive and non-contact imaging technology. OCT 
performs high-resolution imaging of the internal microstructure in material and biological 
systems by measuring backscattered or back reflected light from a semi transparent 
sample. OCT imaging is analogous to ultrasound imaging, but it measures backscattered 
light intensity instead of sound waves. OCT imaging is commonly performed by using a 
Michelson interferometer configuration with a low coherence light source, as shown in 
Figure 1.2. Low coherent light is split into two arms, known as the reference arm and the 
sample arm.  A beam splitter in a free space optics system or in a fiber-optic coupler in a 
fiber-based system is used to split the beam. The backscattered light from the sample arm 
and the reflection coming back from the reference mirror are recombined in the beam 
splitter and directed towards a detector [1, 30-33].  
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Figure 1.2: Schematic of low coherence interferometry. 
The interference happens only when the optical path lengths of light in both the reference 
arm and sample arm are matched to within the coherence length of the light source [1, 
31].  The detected interference signal „ID‟ is expressed by:  
)22cos(2 srsrsrD kzkzRRRRI        (1.1) 
Here, rR and sR  
represent the reflectivity of the reference arm and the sample arm 
respectively.  rkz and skz represent the path lengths of the reference arm and the sample 
arm respectively. Depending on which detecting system and which signal processing is 
used, the OCT system is broadly classified into the following categories:  
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1. Time domain OCT (TD-OCT) 
2. Fourier domain OCT (FD-OCT) 
a. Spectral domain OCT (SD-OCT) 
b. Swept source OCT (SS-OCT) 
1.4.1 Time domain OCT (TD-OCT) 
Conventional TD-OCT is the first generation OCT system where, the reference arm is 
moved to perform the depth scan, as shown in Figure 1.3. To obtain 3D image data of the 
sample, a beam is required to scan across the surface of the sample using a scanner 
mirror. During the transverse scanning, the reference mirror performs the depth scanning 
(A-scan) on the sample and a photo detector records the interference signal for further 
processing. For each depth location, the reference mirror is moved over a defined range 
to perform the axial scan while the scanner mirror is held immobile. The transverse 
scanning is commonly performed by using a Galvo mirror scanner or by using a micro-
electro-mechanical-system (MEMS) mirror scanner. Since the depth scan data is 
collected by moving the reference mirror with a time-varying location, this method is 
called time domain optical coherence tomography (TD-OCT). 
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Figure 1.3: The Schematic of a Time Domain OCT system. 
1.4.2 Fourier domain OCT (FD-OCT) 
In the time-domain scheme, the axial scan (A-scan) data is acquired by successively 
changing the depth of the coherence gate and by recording the interference at each depth. 
A more efficient scheme for acquiring interference data was suggested and first realized 
in 1995 by Fercher et al. [34]. This scheme involves simultaneously detecting the 
interference from all depths within the sample. This method is referred to as a Fourier-
Domain OCT (FD-OCT). In the FD-OCT, the reference arm is fixed, and, therefore, no 
moving parts are required to obtain the depth scan data. Hence, the FD-OCT increases the 
data acquisition speed when compared to the TD-OCT. Moreover, the FD-OCT provides 
8 
a better signal-to-noise ratio when compared with the TD-OCT [35]. FD-OCT systems 
can be spectrometer-based or swept-source based, as discussed in the following sections. 
a. Spectral domain OCT (SD-OCT) 
In an SD-OCT, the depth encoded spectral signal is acquired from the entire depth by the 
grating-based spectrometer. Therefore, it does not require any mechanical scanner to 
perform axial scanning while the transverse scanning is performed by the scanner, as is 
shown in Figure 1.4.   In this configuration, the scanner arm performs the transverse scan 
while the spectrally encoded A-scan data is acquired by the spectrometer.  
 
The spectrometer is a key component in the development of SD-OCT systems. In SD-
OCT, the interference data is acquired by using a spectrometer and is then processed by 
using the Fast Fourier Transform (FFT) method. The spectrometer used for SD-OCT 
consists of a diffractive grating, a collimating and focusing optic, and a detector array. 
The depth scan range of the SD-OCT is limited by this sensitivity fall-off, which is 
determined by the pixel size of the detector array and the optics that is used in the 
spectrometer. The sensitivity fall-off could be improved by improving the spectrometer 
design [36]. The depth-dependent sensitivity fall-off of the SD-OCT depends on the 
quality of the spectrometer. Different types of processing algorithms have been 
developed to improve the sensitivity fall-off of the SD-OCT [37, 38]. 
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Figure 1.4: Schematic of SD-OCT system. 
Chromatic aberration, spot profile, and the detector array resolution are the driving 
factors in the design of a high quality spectrometer [1, 39]. A refractive optics-based 
spectrometer is commonly used in SD-OCT imaging, reducing imaging quality because 
of chromatic aberration. Recently, astigmatism-corrected reflective optics based on a 
Czerny-Turner spectrometer configuration with an off-the-shelf cylindrical lens has been 
reported [40-42].  However, this spectrometer was designed for a flying spot scanning 
imaging system.  
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b. Swept source OCT (SS-OCT) 
In this configuration, the depth scans (A-scan) are performed by sweeping the individual 
wavelength spectrum coming from the broadband source. A photo detector is used to 
record the interference signal and further processed to retrieve the depth profile. A similar 
lateral scanning (B-scan) like a TD-OCT or a SD-OCT is performed in the transverse 




Figure 1.5: Schematic of SS-OCT system. 
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1.5 OCT scanning protocols 
For 3D imaging, a depth scan and two other transverse scans are necessary with flying 
spot scanning. Depending on the direction, the OCT scanning protocols are named as the 
A-scan, B-scan, C-scan, and T-scan [33, 43, 44].  Figure 1.6 shows the 3D OCT scanning 
protocols. These scanning protocols are discussed briefly in this section. 
 
Figure 1.6: 3D OCT scanning protocols [43].  
One-dimensional (1D) cross-sectional scanning is performed in the depth direction (Z-
axis), which is known as the A-scan shown in Figure 1.7 (a). In the TD-OCT, the A-scan 
is performed by scanning the reference mirror along the optical axis whereas the 
spectrally encoded entire depth A-scan data is captured by using a grating spectrometer 
or by using a swept source in the FD-OCT. No mechanical scanner is required in FD-
OCT acquisition. 
To perform 2D cross-sectional scanning, a single-axis mechanical scanner is required 
with flying spot scanning. Depth priority transverse scanning is known as the B-scan, 
during which, first, the A-scan is performed by using reference mirror scanning, and then 
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the transverse scan is performed by using a mechanical scanner as shown in Figure 
1.7(b). Transverse priority scanning is known as the T-scan. 2D cross-sectional scanning 
is performed by multiple T-scans, which is known as the C-scan as shown in Figure 
1.7(c). When transverse priority scanning is performed in the depth direction, the 
scanning protocol is called the T-scan based B-scan as shown in Figure 1.7(d). In 
Figure1.7 the scanning priority direction is indicated by fast scanning whereas another 
direction is indicated by slow scanning.  
 
Figure 1.7: OCT scanning protocols. 
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3D scanning can be performed by using multiple B-scan based A-scans, C-scans, or T-
scan based B-scans. While single-axis scanners are sufficient for 2D cross-sectional 
imaging with a flying spot, a two-axis mechanical scanner is required to perform 3D 
imaging resulting in a reduced scanning speed. Moreover, distortion errors [45] and 
motion artifacts [46], such as the ones induced by eye or body motion, affect the imaging 
quality while flying spot scanning is performed. 
Recently (2005) Line-scan OCT (LS-OCT), also referred as parallel OCT, was reported 
for high-speed imaging [47-54]. Most of these developments use external stage 
movement for lateral scanning with a pre-objective/post-objective scanner configuration. 
Nakamura Y et al [47] integrated a galvanometer scanner with LF-OCT for transverse 
scanning.  
1.6 OCT system design 
OCT is a modular technology consisting of various hardware and software. Major 
modules in the OCT system are those for the light source, the imaging engine, the 
scanning system, the control interface, and the data acquisition and processing.   In order 
to achieve a higher imaging performance, high quality opto-mechanical design is 
required. As an example, a smaller probe is most useful for endoscopic OCT imaging. 
Therefore, miniaturization of the scanning system is mandatory. Figure 1.8 shows the 
major modules of an OCT system from a system point of view. The requirements of the 




Figure 1.8: Modular representation of OCT imaging technology components. 
1.6.1 Light source  
Axial resolution of an OCT system is determined by the spectral bandwidth of the light 
source. The basic requirement of the light source for OCT imaging is that the light source 
has a short coherence length and, therefore, a higher spectral band.  Transverse resolution 
and depth of focus of the OCT imaging also depends on the wavelength of the light 
source, and this relationship is discussed in Section 1.7. Superluminescent diodes (SLD) 
or semiconductor-based light sources are commonly used in OCT. Femtosecond lasers 
are powerful light sources for ultrahigh resolution OCT imaging since they can generate 
larger bandwidths across a range of wavelengths in the near infrared. 
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When light is propagating through tissue, it is attenuated by scattering and absorption. 
Light scattering decreases when longer wavelengths are used, but the absorption of light 
due to water content is considerably higher at longer wavelengths. So there is a trade-off 
when choosing the wavelength. Another issue is the dispersion, which is the difference in 
the velocity of light for different wavelengths. The dispersion causes the degradation of 
axial resolution. In the case of water, for example, the dispersion is zero for a wavelength 
of about 1050nm [55]. 
Therefore, wavelength selection depends on a particular application. In OCT imaging, 
light sources with center wavelengths ranging from 800 to 1300nm are used commonly. 
Such wavelengths can be generated by using solid-state femtosecond lasers, such as the 
Ti: Al2O3, Nd: Glass or Yb fiber, and Cr: Forsterite lasers [1, 10, 56]. It is also important 
to note that the longer wavelengths increase imaging depth, but reduce the transverse 
resolution [57].  
1.6.2 Imaging engine 
Various types of the OCT imaging engines have been developed since its invention. In 
the first generation OCT imaging,  a reference optical delay scanning interferometer is 
used and this system is known as time domain (TD) OCT. Spectral domain (SD) is the 
second generation OCT. It acquires spectrally encoded depth information by using a 
grating spectrometer or source wavelength sweeping. The second generation OCT has a 
higher acquisition speed and better sensitivity compared to the TD-OCT.  Other OCT 
imaging engines include a Doppler OCT which is used for flow imaging [58] and 
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polarization sensitive or insensitive OCT that was developed to image the birefringence 
properties of the structure [59].   
1.6.3 Scanner probe/ Beam delivery system 
The OCT beam-delivery probe is a complex opto-mechanical system consisting of a 
scanner mirror and focusing optics. The scanner probe design depends on a particular 
application. For example, a miniaturized probe is useful for endoscopic OCT imaging.  
Several OCT modalities developed in free-space optics and fiber optics use a 
galvanometer scanner.  However, these systems are bulky and impractical for endoscopic 
uses because of the size restriction. MEMS technology offers the advantages of a small 
size at high scanning speeds. It can also be used to miniaturize OCT imaging probes [18, 
26, 27, 60-67]. The integration of MEMS and fiber optics technology with a compatible 
catheter/endoscope represents essential steps towards enabling OCT to become a 
powerful tool for diagnosis, monitoring, and guidance in the use of in vivo applications 
[17, 26, 68, 69]. The miniaturized OCT systems can be integrated with a wide range of 
existing biomedical instruments such as endoscopes, catheters, laparoscopes, or needles 
that enable imaging inside the body. Because of the above-mentioned advantages of 
MEMS technology, it would be possible to integrate micro-mirrors, micro-motors and 
micro-lenses with non-endoscopic systems instead of a galvanometer scanner for high 
speed OCT scanning [2, 70-72]. Most of the MEMS scanners are actuated by 
electrostatic, [2, 26, 61, 64, 70], thermal, [64, 71, 72] or magnetic methods [67]. 
However, resolution, scanning/data acquisition speed, sensitivity, and penetration depth 
are still challenging tasks in OCT technology.  
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A wide range of platforms and probes has been developed for OCT imaging, including 
ophthalmoscopes, microscopes, handheld probes, miniature flexible catheters, and 
endoscopes. These imaging probes could be used separately or in conjunction with other 
medical imaging instruments such as endoscopes. They could permit internal body 
imaging in a wide range of organ systems. 
1.6.4 Computer control system 
Different types of hardware are used in the OCT to perform scanning. Delay line 
scanning is used in the reference arm to perform the A-scan with the TD-OCT 
configuration whereas a swept source is used to perform the A-scan with an SS-OCT 
configuration. A single-axis or two-axis scanner is used for B-scans to acquired 2D or 3D 
image data. A Galvo mirror or a MEMS mirror scanner is commonly used for B-scans. In 
addition, data acquisition hardware is used to record the interference signal. Therefore, a 
software control system is required to sequence and control the hardware and visualize 
the structure of the scanned sample.  
1.6.5 Signal processing 
In an SD-OCT, the depth encoded spectral signal is acquired from the entire depth by the 
grating-based spectrometer. Here, the scanner arm performs the transverse scan while the 
spectrally encoded A-scan data is acquired by the spectrometer as a function of 
wavelength (λ). Data processing in the SD-OCT is based on discrete Fourier 
transformation (FT) of the interference signal. First, the acquired signal is resampled 









k , and then FT operation is 
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performed to generate axial profile of the sample. Flow chart of the SD-OCT data 




Figure 1.9: Axial profile generation flow chart  
Spectrally encoded interference signal in the wave number space is expressed by [1, 35, 
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Here Γ(z), is the envelope of the coherence function of the source spectrum. The first two 
terms within the brackets of the Equation (1.3) are non-interferometric contributions, 
known as DC components. The third term within the brackets in Equation (1.3) is the 
cross-correlation term that is desired for OCT imaging which contains the axial 
reflectivity profile of the sample.  The last term within the brackets in Equation (1.3) 
represents the mutual interference of reflectors within the sample layers, and this is 
known as auto-correlation term. 
1.7 OCT system design parameters 
The OCT is based on the principle of low coherence interferometry. It uses a broad 
spectral band light source for high resolution imaging. By contrast with conventional 
microscopy, OCT resolution is decoupled in the axial and transverse directions. The axial 
resolution of the OCT is determined by the spectral bandwidth of the broadband source 
whereas the transverse resolution is determined by the numerical aperture (NA) of the 
scanner arm.  Though the axial and transverse resolutions are decoupled in the OCT 
imaging, in TD-OCT the depth scan range is still determined by the NA of the scanner 
arm, whereas in FD-OCT it is dependent only on the spectrometer resolution.  
a. Axial resolution (Δz):  The axial resolution of the OCT system is the ability to 
resolve two reflecting boundaries that are closely spaced in the axial or depth direction.  






z                   (1.4) 
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Where, Δλ is the full width at half maximum (FWHM), and λ is the center wavelength of 
the light source. The dependence of axial resolution of the light source based on the 
spectral bandwidth and the center wavelength is shown in Figure 1.10.  
































Figure 1.10: Variation of bandwidth against wavelength for different axial resolutions. 
b. Transverse resolution (Δy): The distance between any two spots in the transverse 
plane at which the points are just separately resolvable is known as the transverse 
resolution. Diffraction limited transverse resolution can be measured by the distance 
between two point spread functions (PSF), as shown in Figure 1.11. Therefore, the 
transverse resolution for the flying spot OCT is determined by the diffraction limited spot 







             (1.5) 
Axial resolution 
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Where, D is the beam size on the objective lens, λ is the center wavelength of the light 
source, and f is the effective focal length of the focusing optics. High transverse 
resolution can be obtained by using a high numerical aperture (NA) and therefore a 
smaller focal spot size.  
 
Figure 1.11: Diffraction limited transverse resolution. 
c. Scan depth (2zR): In TD-OCT, the depth scan range is determined by the 
numerical aperture (NA) of the scanner arm whereas in FD-OCT the depth scan range is 
determined by the spectrometer resolution. Therefore, in TD-OCT, the depth scan range 
is the confocal parameter of the system, which is twice that of the Rayleigh range 2zR as 















           (1.6)   
Where, Δy is the transverse resolution and λ is the center wavelength of the light source. 
Increasing the transverse resolution by using high NA produces a lower depth scan for 
OCT imaging [57]. Figure 1.12 shows the trade-off between the transverse resolution and 
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the scan depth of the OCT imaging.  Dynamic focusing OCT systems have the ability to 
increase the depth of focus as well as the transverse resolution [30, 31]. Impact of 
wavelength on transverse resolution and depth of focus is shown in Figure 1.13. 
 
Figure 1.12: Trade-off between the transverse resolution and depth of focus ( 02 is the 
minimum focal spot size, zR is the Rayleigh range, and b is the confocal parameter). 

































The depth scan range in the FD-OCT depends on the spectral resolution of the 









            (1.7)  
Where, c is the center wavelength of the broadband light source,   is the spectral 
range covered in the spectrometer detector, and xN  
is the number of pixels of the detector 
in the spectrum disperses direction.  Therefore, in the line-field SD-OCT system, the 
transverse resolution in the line direction and the depth scan range are determined by the 
spectrometer whereas the transverse resolution in the focusing direction is determined by 
the scanner arm focusing system. 
d. Sensitivity/ Signal-Noise-Ratio (SNR): The sensitivity of an OCT system, also 
called the optical dynamic range, can be defined as the ratio of the signal power 
generated by a perfectly reflecting mirror P to the noise of the system. The signal-to-














log10           (1.8) 
Where,  is the detector quantum efficiency, h is the photon energy, P is the signal 
power, and NEB is the noise equivalent bandwidth of the electronic filter used to 
demodulate or detect the signal. High image acquisition speeds or higher image 
resolutions require higher optical powers for a given SNR. Noise is generated by the light 
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source, the interferometer, and the detector. 90-100 dB sensitivity is desired for good 
quality OCT imaging [74].  
1.8 Line scanning and flying spot scanning  
In LS-OCT, a collimated beam is focused by using a cylindrical optics as a line on the 
sample. Focused line size in the focusing direction is determined by the NA of the 
focusing optics whereas the other direction remains the same as the collimated beam size. 
A single axis mechanical scanner is required to obtain 2D image data using flying spot 
scanning. The beam moves through multiple positions to perform B-scans as shown in 
Figure 1.14(a). To obtain the 3D image data, a 2-axis scanner is required as shown in 
Figure 1.14(c).  
On the other hand, cross-sectional imaging data can be obtained by using line-focus 
scanning with SD acquisition without requiring a mechanical scanner, as shown in Figure 
1.14(b). The B-scan is covered by the focused line length. 3D image data can thus be 
obtained by using line scanning with SD acquisition by integrating just a single axis 
scanner to perform the T-scans, as shown in Figure 1.14(d). As a result, line-filed 
scanning increases the scanning speed while maintaining the sensitivity advantage of 
flying spot scanning with SD acquisition [40]. 
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Figure 1.14:  (a) 1D scan with flying spot, (b) 1D scan with line-scan, (c) 2D scan with 
flying spot, and (d) 2D scan with line scan. 
Moreover, flying spot scanning reduces the image quality owing to image distortion 
errors caused by motion artifacts, such as eye or body motion as shown in Figure 1.15. B-
scans, which are required to generate cross-sectional image data, can be eliminated in LS 
OCT.  Hence, the advantages of line scanning compared to flying spot scanning include 




Figure 1.15: Image distortion due to flying spot scanning [45]. 
In line-scan OCT, transverse resolution is defined independently in the focusing direction 
and in the line direction [47, 48].   Resolution in the focusing direction is the same as the 
transverse resolution with flying spot scanning, discussed in Section 1.7, whereas the 
resolution in the line direction is determined by the detector resolution.  The transverse 










M  ,  ls is the size of the focused line beam in the object and lCCD is the line 
size observed in the CCD detector or the detector field of view. N is the number of pixels 
of the CCD detector. 
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1.9 Refractive optics and reflective optics OCT 
OCT imaging system consists of many different optical elements. Traditionally, lenses 
are being utilized in OCT imaging for focusing the beam in the scanner and in the 
spectrometer arm. In the free-space or fiber-based OCT, number of collimating lens, 
focusing lens and mirrors are used. Every single optical element contributes to the 
imaging performance of the OCT system. A fiber-optics based OCT system configuration 
is shown in Figure 1.16. Collimating lenses and focusing lenses reduce the imaging 
quality of the OCT system due to the chromatic aberration (CA). Moreover, imaging 
quality is reduced because of the defocus within the scan range. Achromatic lenses can 
reduce the chromatic aberration if the beam is on its optical axis, but it is completely 
ineffective if the beam moves away from the optical axis. In the OCT system, off-axis 
movement of the beam on the focusing lens is required to scan a sample in the scanner 
arm, while in the spectrometer arm, the beam is dispersed across the cross section of the 
lens owing to grating dispersion prior to the lens itself. These two lenses are identified as 
FO in Figure 1.16. This issue is usually minimized by employing either telecentric or 
aspheric lenses in OCT imaging. However, these lenses are expensive, and they require 
complex design in order to maximize their performance. Moreover, system-specific 
design is required for various wavelength ranges. 
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Figure 1.16: Fiber optics OCT system. (CL-collimating lens; BS-beam splitter; RM-
reference mirror; SM-scanning mirror; FO-focusing optics; G-grating; D-detector; CA-
chromatic aberration). 
The performance of the optical system is expressed in various ways. The commonly used 
quality matrix of an optical system includes spot diagram, Strehl ratio, aberrations, 
distortion, illumination distribution, modulation transfer function (MTF), encircled 
energy, etc. [60, 75, 76]. Comparison of the performance of the reflective optics and the 
refractive optics imaging systems is presented in the following sub-sections.   
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1.9.1 Chromatic aberration 
The refractive optics contains mainly lenses that are made of glass. The index of 
refraction of the glass and other transmitting materials changes with the wavelength of 
light. The result is aberrations, which change as a function of the wavelength, known as 
chromatic aberrations. The effective focal length (EFL) of the shorter wavelength is 
smaller than that of the longer wavelength for a specific lens. Figure 1.17 shows the 
wavelength dependent EFL positions with a broad spectral bandwidth light source.  
 
Figure 1.17: Wavelength dependent ELF positions of a broad spectral band light source 
321     
The state-of-the-art of OCT technology uses an ultra broad spectral bandwidth light 
source for high axial resolution. Lenses are commonly used in OCT imaging. Due to the 
chromatic aberration, lens focusing reduces the axial resolution of OCT imaging [39]. 
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The effect of chromatic aberration with a conventional lens and a custom-made 
achromatic lens is shown in Figure 1.18 [39]. Spectra are presented as a function of 
focusing distance. In the case of standard lenses, effective optical bandwidths change 
spatially thereby changing axial resolution as seen in Figure 1.18(a). This problem is 
corrected when using a custom made achromatic lens for the specific wavelength band as 
can be seen in Figure 1.18(b). 
 
(a)           (b) 
Figure 1.18: Effects of chromatic aberration (a) with conventional lens and (b) specially 
designed achromatic lens [39]. 
On the other hand, reflective optics focusing eliminates the chromatic aberration due to 
its insensitivity to broadband spectrum [77, 78], and hence the image quality is enhanced. 
The ELF position of a 200nm spectral bandwidth light with a centre wavelength of 
830nm is shown in Figure 1.19. Focusing using mirror maintains zero chromatic focal 
shifts for any spectral bandwidth [79]. Therefore, a system-specific design is not required 
while using mirror focusing.  
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Figure 1.19: Wavelength independent ELF position of a broad spectral band light source 
using mirror focusing. 
1.9.2 Distortion and scan field flatness 
For 2D or 3D OCT imaging, a focused beam is required to move across the sample 
surface to perform the B-scan in flying spot scanning. Depending on the geometrical 
configuration, the scanning system is classified as objective scanning, pre-objective 
scanning, and post-objective scanning [79, 80]. These types of scanning are commonly 
used to perform the B-scans of the OCT imaging. In the pre-objective configuration, a 
scanning mirror is placed before the focusing lens. This type of scanner gives high-speed 
beam modulation on flat field scanning. However, a complex lens system design is 
required. High-speed beam modulation is also possible with post-objective scanning, 
where a scanning mirror is placed after the focusing lens. A simple lens system is 
sufficient in the case of post-objective configuration, but the scan field is curved [77, 81, 
82]. Moreover, because of the lens used for the B-scans, lens focusing generates a 
distorted image field, as discussed in Section 1.8.  
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1.9.3 Strehl ratio (SR) 
The Strehl ratio is one of the key parameters used for assessing optical system imaging 
quality [60, 83, 84]. The Strehl ratio is a quantity that provides information about the 
flatness of the wavefront, and therefore, the quality of the optical system. This is the ratio 
of the peak intensity in the diffraction pattern of an aberrated spread function to the peak 
intensity in the diffraction pattern of the same aberration free spread function. The SR is 
measured from the aberrated central intensity (IA) of spread function to the central 





SR  .  
The solid line in Figure 1.20 shows an aberration-free spread function whereas the dotted 
line shows an aberrated spread function.  In ideal conditions, in an aberration-free optical 
system, the SR value is 1. However, according to the Marechal condition an SR of 0.8 or 
higher is required for a good quality optical system [85]. The shape and size are 
determined by the pupil size, the effective focal length (EFL) of the focusing optic, the 
wavelengths, and the geometric configuration of the system. The shape and size of the 
spread function determine the transverse resolution of the system. The transverse 
resolution is measured at the full-width-at-half-maximum (FWHM) of the spread 
function. The FWHM of the aberration-free spread function and aberrated spread 
functions are indicated by ∆y in Figure 1.20.  
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Figure 1.20: Intensity distribution of an aberration free vs. aberrated spread function. 
Ultra broad spectral band light source is required for ultrahigh axial resolution whereas 
lateral resolution is determined by the optics used in the scanning system. The refractive 
optic is commonly used in OCT imaging.  As discussed in Section 1.9.1, refractive optics 
focusing reduces the imaging quality due to the chromatic aberration. Moreover, in OCT, 
B-scans are performed in order to image 2D or 3D structures.  Uniformity of the imaging 
quality throughout the scan range is required to maintain the transverse resolution, which 
is measured at the FWHM of the spread function.  
1.10 Thesis motivation  
OCT is a cross-sectional imaging technology. Traditionally spot-focused scanning is used 
for transverse (B-scan) scanning to obtain a two-dimensional (2D) or three-dimensional 
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OCT image.  2D cross-sectional OCT image can be obtained by using a single-axis 
scanner, and for acquiring 3D image data a two-axis scanner is required. Mechanical 
scanning in the transverse direction increases the time to acquire an image and may limit 
clinical applications. Moreover, imaging performance is affected due to the scanning 
distortion errors and motion artifacts.  
Alternatively, parallel detection, such as line-scan (LS) OCT [47, 48, 52, 53, 86] and full-
field has been developed for high speed imaging. Full-field OCT (FF-OCT) is not 
suitable for endoscopic OCT imaging [87]. 2D OCT image can be obtained by using a 
line scanning without any mechanical scanner, while 3D image can be obtained by 
integrating a single-axis scanner. Hence, line scanning system is relatively faster 
compared to the spot focused scanning. Most of the developed LS-OCT systems 
implemented either external sample movement [48] or galvanometer [47, 86] mirror for 
transverse scanning. Therefore, these systems are bulky and impractical for endoscopic 
scanning.  
In addition, lenses were used in the developed LS-OCT systems. Effective focal length of 
the conventional lens varies with wavelength of the light source.  Ultra-broad spectral 
band light is used for ultra high resolution OCT imaging. However, conventional lenses 
focus this ultra broadband spectrum in different focal plane. Because of that the axial 
resolution of the system degrades [39]. Specially designed telecentric or aspheric lenses 
are needed to reduce this chromatic aberration to improve the imaging performance, 
making the systems expensive.  
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Endoscopic 3D-OCT imaging is challenging because it requires the development of 
miniature beam scanning technologies that would enable two-dimensional raster scanning 
with a flying spot or one-dimensional scanning with LS-OCT. LS is a promising 
technology for high speed OCT imaging. Line scan OCT systems developed thus far are 
based on refractive optics, i.e. lenses are used for scanning system as well as 
spectrometer, thereby causing errors due to chromatic aberration and scan field distortion 
as discussed earlier. In order to eliminate the errors due to chromatic aberration and 
distorted scan field, and to achieve faster and finer imaging capability, line scan OCT 
with reflective optics is proposed in this thesis. 
1.11 Thesis objective and scope 
Objective of this thesis is to develop a reflective optics-based line-scan spectral domain 
OCT (SD-OCT) system for high-quality three-dimensional endoscopic imaging 
applications.  Target scan range is 2mm X 2mm X 2mm in the x, y, and z direction 
respectively. The specific objectives of the proposed research are: 
1. Design and development a reflective optics based line scanning system for OCT 
imaging: 
a. Development of a mathematical model for reflective optics based line 
scanning system. 
b. Optical design and simulation of the reflective optics based line scanning 
system  
c. Comparison of the imaging performance of the proposed scanning system 
with that of the refractive optics based scanning systems. 
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d. Experimental validation of the proposed line scanning system. 
e. Parametric study of scanning system and imaging quality enhancement. 
2. Design of a reflective optics based spectrometer for line scan SD-OCT imaging: 
a. Optical modeling of the reflective optics based spectrometer. 
b. Comparison of the imaging performance of the proposed spectrometer with 
that of the refractive optics spectrometers.  
c. Development of an analytical model for line-scan SD-OCT signal processing. 
1.12 Thesis contribution 
The main contribution of this work to the field of OCT imaging is to utilize reflective 
optics instead of traditional refractive optics for high quality imaging. Figure 1.21 (a) 
shows the proposed system configuration and Figure 1.21(b) shows the layout of 
endoscopic OCT scanning system. Specific contribution of the present thesis:  
 The proposed line scanning will increase the imaging speed few folds compared 
to the flying spot scanning as discussed in Section 1.8. As a result it will reduce 
the motion artifacts such as eye and body motion. 
 Line-scanning will eliminate one axis of scanning. Hence, focused line will be 
with the reduced scanning distortion errors in one direction as discussed in 
Section 1.9.2.  
 In contrast to the previous approaches, the proposed system will be able to scan a 
flat field [88, 89] by using off-axis cylindrical mirror, which will reduce the 
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scanning distortion errors in the other directions. Therefore, combination of 
focused line and cylindrical mirror will give a high quality imaging. 
 Effective focal length of the cylindrical mirror is insensitive to the spectral 
bandwidth of the light source [77, 78]. As the cylindrical mirror focuses the whole 
spectral band in the same plane it will result in the elimination of the chromatic 
aberration. Hence, axial resolution of the OCT will not be degraded as discussed 
in Section 1.9.1. 
 This proposed scanning system can be utilized for OCT imaging applications with 
sub-micron axial resolution, in general. With the ability to miniaturize the 
proposed scanning system, this can have an impact in endoscopic imaging 
applications, in particular.  
 In addition, the proposed reflective optics spectrometer will improve the depth 
dependant sensitivity fall-off. 
Complete reflective optics line-scan endoscopic OCT will allow clinicians a powerful 
tool they need for real time diagnosis, monitoring, and guidance in the use of in vivo 









Figure 1.21: (a) Reflective optics based line-scan SD-OCT setup and (b) Scanning 
system. (S-source, BS-beam splitter, RM-reference mirror, G- Grating, CM-Cylindrical 
mirror, CM-cylindrical mirror, SM-scanner mirror, C-collimator, and PC-personal 
computer). 
1.13 Organization of the thesis in manuscript-based format 
This manuscript-based thesis is organized in seven chapters. In the present chapter, a 
brief introduction about medical imaging, the history and applications of OCT imaging, a 
literature review, the motivation, the scope and objective of this thesis are presented. The 
comprehensive but brief literature review includes the basic principle of OCT, scanning 
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protocols, overview of the line-scan OCT system, OCT system design requirements, and 
imaging quality matrix. Chapter 2 to Chapter 6 are duplicated from three published 
conference articles, one published journal article, and two submitted journal articles. The 
chapters are organized in a cohesive manner to address the objectives of the thesis 
defined in Section 1.11 and formatted according to “Thesis Preparation and Thesis 
Examination Regulations (version-2011)” of the School of Graduate Studies at Concordia 
University. In the duplicated articles, sections, figures, equations, and tables are 
numbered according to the thesis preparation regulations. A single comprehensive 
reference list rather than individual papers reference list is presented in Reference 
section. Conclusions of the thesis and the future recommendations are presented in 
Chapter 7. 
 
Chapter 2 is based on the following article presented in Photonics North 2009 conference 
and published in the SPIE proceedings [90]. 
Kamal M., Narayanswamy S., and Packirisamy M., “Optical modeling of a line-scan 
optical coherence tomography system for high-speed three-dimensional endoscopic 
imaging”, Proceedings of SPIE Vol. 7386, 738607 
The optical and analytical modeling of a line-scan optical coherence tomography (LS-
OCT) system for high-speed three-dimensional (3D) endoscopic imaging is reported. To 
avoid complex lens system and image distortion errors, an off-axis cylindrical mirror is 
used for focusing the line illumination on the sample surface and a micro mirror scanner 
is integrated with the proposed configuration for transverse scanning. The beams are 
swept on the cylindrical mirror by the micro mirror rotation and finally focused on the 
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sample surface for transverse scanning. A 2mm by 3.2mm en-face scanning is configured 
with a 2mm focused line and ±3º scanning mirror rotation. The proposed configuration 
also has the capability of dynamic focusing by the movement of the cylindrical mirror 
without changing the transverse resolution. The cylindrical mirror enhances the image 
quality by reducing the aberration. The system is capable of real-time 3D imaging with 
5µm and 10 µm axial and transverse resolutions, respectively. 
Chapter 3 presents the following article published in the Journal of Applied Optics [79]. 
Kamal M., Narayanswamy S., and Packirisamy M., "Optical design of a line-focused 
forward-viewing scanner for optical coherence tomography", Appl. Opt. 49, 6170-6178 
(2010). 
Optical design of a line focused forward-viewing optical coherence tomography (OCT) 
scanner for high-speed endoscopic imaging is reported. To avoid complex lens system, an 
off-axis cylindrical mirror is used for focusing the line illumination onto the sample 
surface. Due to its insensitivity to broadband spectrum, mirror focused scanner improves 
the image quality compared to the lens focused scanner. In this work, a feasibility study 
is carried out to use reflective optics focused line scanner in OCT imaging instead of the 
traditional refractive optics scanner. Strehl ratio, chromatic focal shift and field analysis 
were carried out for plano-convex cylindrical lens, achromatic cylindrical lens and 
cylindrical mirror focused scanners. The ZEMAX optical modeling analysis show that 
mirror focused scanning provides better Strehl ratio in comparison to plano-convex 
cylindrical lens focused scanning and the Strehl ratio is comparable to achromatic 
cylindrical lens focus scanning. However, field analysis on the edges of the focusing 
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elements within the scan range, show that mirror focused scanning more robust when 
compared to the cylindrical achromatic lens. Overall, mirror focused scanner shows 
better performance compared to lenses. 
Chapter 4 presents two articles presented in Photonics North 2010 [91] and in Photonics 
North 2011[92] conferences, and also signal processing of line-scan SD-OCT. 
Since this chapter contains two conference proceedings publications, the contents have 
been modified to reduce repetitions. Section 4.1 presents modified introduction from two 
papers. Section 4.2 presents the following article presented in Photonics North 2010 
conference and published in the SPIE proceeding. 
Kamal M., Narayanswamy S., and Packirisamy M., “Design of a spectrometer for all-
reflective optics based line scan Fourier domain optical coherence tomography”, 
Proceedings of SPIE Vol. 7750, 775020 (2010) 
Optical design of a spectrometer for all-reflective optics based line scan Fourier domain 
optical coherence tomography (FD-OCT) imaging has been reported in this work for 
high-speed scanning. FD-OCT imaging data acquisition offers significantly improved 
imaging speed in the depth direction compared to conventional time domain optical 
coherence tomography (TD-OCT). On the other hand, line focused scanning improve 
imaging speed in the transverse direction compare to commonly used flying spot 
scanning. Combination of FD-OCT acquisition and line focused scanner can give higher 
imaging speed. Spectrometer is a critical sub-module in FD-OCT system. Apart from the 
spectrometer optical resolution, and detector array resolution, the chromatic aberration 
should be considered to design a high-quality FD-OCT imaging spectrometer.   The 
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proposed imaging spectrometer consists of a planer reflective grating, off-axis parabolic 
cylindrical mirror and a CCD array detector. Mirror focusing reduces the chromatic 
aberration because of its insensitivity to the wavelength of the laser beam, therefore the 
spectrometer image quality enhanced by the reflective optics focusing. Spot profile fall-
off characteristic was analyzed by using ZEMAX optical design software. 
Section 4.3 presents the following article presented in Photonics North 2011 conference 
and to be published in SPIE proceedings. 
Kamal M., Narayanswamy S., and Packirisamy M., “Design of spectrometer for high-
speed line field optical coherence tomography” Paper number: PN11-PN100-51(in 
press) 
The quality of the spectrometer affects the sensitivity fall-off, axial resolution, and depth 
scan range, therefore overall performance of the spectral domain optical coherence 
tomography (SD-OCT) imaging.  Chromatic aberration, optical resolution, and detector 
array resolution are the key design consideration for high-quality OCT spectrometer. 
Traditionally refractive optics spectrometer is used in SD-OCT. In the present work, the 
optical design of the reflective optics spectrometer and of the refractive optics 
spectrometers is reported for high-speed line field optical coherence tomography 
imaging. The performance of the spectrometers was compared by using the ZEMAX 
optical design software.  The ZEMAX optical modeling analysis shows that the reflective 
optics spectrometer provides better performance by comparison with the refractive optics 
spectrometer. 
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Section 4.4 presents an analytical model of line-scan SD-OCT signal processing, 
algorithm of signal processing, and construction example of A-scan profile (unpublished 
work).   
Chapter 5 presents the following article submitted to Journal of Optics [93]. 
Kamal M., Narayanswamy S., and Packirisamy M., “An off-axis cylindrical mirror 
focused line scanning system with high imaging quality for broad spectral band”, 
Manuscript ID - JOPT/400149/PAP/148632 (Accepted on August 22
nd
, 2011). 
An ultra-broad bandwidth light source is utilized in optical coherence tomography (OCT) 
for an ultra-high axial resolution. A lens-focused scanning system is commonly used in 
the OCT imaging. The effective focal length of the lens varies as a function of the 
wavelength and hence it focuses a broadband spectrum in different focal planes. This 
variation eventually reduces the axial resolution of the OCT imaging.  These variations 
become even more significant at higher transverse resolution. In the present article, a 
cylindrical mirror-focused line scanning system for high quality imaging is presented.  
The imaging quality of the developed system was evaluated using optical design software 
and tested experimentally with 50.8mm and 25.4mm focal length cylindrical mirrors. A 
broadband light source with a center wavelength of 843nm and a spectral bandwidth of 
53nm was used. The scanning system meets the Marechal criterion by providing a high 
Strehl ratio (SR) within the 2mm target scan range. Moreover, the developed cylindrical 
mirror focused scanning is robust and insensitive to minor beam path variations and this 
was proved experimentally. 
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Chapter 6 presents the following article submitted to Journal of Biomedical Optics [94]. 
Kamal M., Narayanswamy S., and Packirisamy M., “Optimized off-axis cylindrical 
mirror-focused line-scanning system for OCT imaging applications”, Manuscript ID-
JBO 11373 (under review). 
 
The parameters of an off-axis cylindrical mirror-focused line-scanning system were 
studied to optimize the flatness of the 2mm scan field. The scanning system parameters 
included the beam size, the distance between the scanning and the focusing mirror, the 
angle between the incident beam and the reflected beam, the optical scan angle, and the 
effective focal length of the cylindrical mirror. Because of the off-axis line-scanning 
system configuration, the scanning could be carried out either in the tangential (Y-scan) 
or in the sagittal (X-scan) plane. A 53nm spectral bandwidth light source was used to 
evaluate the imaging performance of the scanning system. Since reflective optics is 
employed in this work for focusing, the scanning system could be used with a higher 
spectral bandwidth light source for optical coherence tomography (OCT) applications. 
The effect of angle between of the incident and reflected beams, distance between the 
mirrors, focal length of the cylindrical mirror, and scanning directions, on the flatness of 
the scan field were studied. It was proved that the sagittal scanning is least sensitive to 
variations in scanning system parameters and thus it provides maximum flexibility in 
design.  
Chapter 7 presents conclusion summary of the thesis work and future recommendations. 
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Chapter 2: Analytical modeling of a line scanning 
system  
This chapter is based on an article published in SPIE conference proceedings [90]. This 
chapter covers the objective „1a‟ and „1b‟ of the “Objective and scope of the thesis” in 
Section 1.11. 
2.1 Introduction 
Optical coherence tomography (OCT) is a rapidly expanding technology in biomedical 
imaging because it allows real-time, in vivo imaging of tissue morphology and pathology 
without any post processing of the specimens [4]. Axial resolution, transverse resolution, 
depth of focus, sensitivity etc. are the characteristic parameters for designing an OCT 
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 , where f is the effective focal length of the objective and D is the 
spot size in the objective. Therefore, axial resolution depends on the light source spectral 
bandwidth and transverse resolution depends on the numerical aperture (NA) of the 
focusing optics.  Besides, depth of focus 22 yzR   of OCT imaging also depends on 
the NA, which is typically 2 to 3mm.  However, depth of focus decreases proportionally 
while transverse resolution increased with high NA focusing system. Hence, there have a 
trade-off between the depth of focus and the transverse resolution. Higher transverse 
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resolution with extended depth for three-dimensional imaging can achieve by the 
dynamic focusing [2, 95]. In addition to the extended scan depth high-speed required for 
three-dimensional in vivo imaging. 
High-speed scanning is essential to reduce or omit the motion artifacts of the image, for 
example eye motion, body motion etc. Parallel detection, which includes line-scan [47, 
48, 52, 53] and full field [96], is a recently developed technology for high-speed 
scanning. In contrast to traditional OCT, where a flying spot modulates in transverse 
directions by a two-axis scanner onto a target to generate en- face image data. Line-scan 
OCT (LS-OCT) acquires en-face image data by modulating a focused line onto the target 
in one direction therefore only 1D scanner is required, which tremendously enhance the 
scanning speed [47], as well as reduce the scanning distortion errors [45]. Most of the 
developed LS-OCT systems implemented either external sample movement [48] or 
galvanometer [47, 86] mirror for transverse scanning. Therefore, these systems are bulky 
and impractical for endoscopic scanning. 
A wide variety of endoscopic OCT (EOCT) probe configurations has been developed, 
including forward scanner, side scanner and circumferential scanner [28]. These EOCT 
probes could be integrates with other existing biomedical imaging tools or use 
independently for in vivo imaging. The developed EOCT probes use either pre-objective 
configuration where the scanning mirror placed before the focusing lens or post-objective 
scanner configuration where scanning mirror placed after the focusing lens. These types 
of configurations either need complex lens system design or give a curve scan field. 
Moreover, aberrations also reduce the image quality from these configurations. A 
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parabolic mirror focusing configuration, which is commonly use in the laser printer [88], 
the astronomical telescope [97], the X-ray collimator [89], and the confocal microscopy 
[78], can be used in the OCT system for focusing the line beams, flat scan field. Mirror 
focusing also reduces the chromatic aberration because of the insensitivity to the 
wavelength of the laser beams [77, 78], therefore image quality can be enhanced by the 
reflective optics focusing system.  
In this chapter, the use of off-axis parabolic cylindrical mirror in the optical design of a 
forward scanning system with line focused for EOCT scanning that is capable to high-
speed there-dimensional OCT imaging is presented. Motion artifacts and distortion 
reduced by the high-speed line scanning and the image quality enhanced by the reflective 
optics. To the best of authors‟ knowledge, this is the first demonstration of the reflection 
optics focused LS-OCT design for high-speed EOCT scanning. 
2.2 Endoscopic OCT model 
An Endoscopic OCT (EOCT) scanner is a complex optomechanical system. The main 
optical function of the EOCT scanner is to deliver and focus the incoming beam onto the 
target sample, and collect the backscattered light from the sample and back to detector 
through the beam splitter for processing and reconstruction. In view of mechanical 
design, the main purpose of the EOCT scanner is to modulate the beams onto the sample 
for lateral scanning. Essential mechanical requirements of an EOCT scanner probe are 
probe size; scanning rate and target scan rage. Probe size depends on associated 
mechanical components of the probe such as mirror. Micro-electro-mechanical (MEMS) 
mirror can be used to miniaturize the endoscopic OCT system. MEMS mirror size is not 
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only the controlling factor for the EOCT probe size but also the target scan range. The 
scanning rate is another important issue because of high-speed requirements for 
endoscopic imaging. . Scan angle of the scanner and the effective focal length of the 
focusing mirror optimization are essential to maximize the scanner scanning performance 
and minimize the probe size for a target scans range. Reflective optics based OCT 
scanner analytical modeling, optical modeling, and system performance analysis are 
presented in this chapter. 
2.2.1 Mathematical model 
Consider the scanner configuration as shown in Figure 2.1(a) laser beam incident on a 
scanner mirror N is reflected onto a parabolic cylindrical mirror at a point O, which is 
finally focused onto the target at R. Here the parabolic cylindrical mirror works as an f-θ 
mirror, therefore a focusing mirror. Angle between the incident and the reflected beams 
for both mirrors is „‟. Distance between two mirrors is d and effective focal plane 
position of the focusing mirror is at a distance f. If the scanner mirror modulates the beam 
at an angle θ at P (z, y) with respect to z-y coordinate system (P (Z, Y) with respect to Z-
Y coordinate system), it is focused onto the target sample at Q on the focal plane of the 
focusing mirror. Due to the optical beams modulation at an angle of θ or the scanner 
mirror rotation θ/2, the focused line position shifted from R to Q, which essentially gives 
the image height or scan length Ls. Coordinate transformation for scanner parameter 




Figure 2.1: a) Scanner configuration; b) Coordinate transformation 
The effective focal of the focusing mirror is f, a toroidal surface [98] is used as parabolic 
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Now, considering the Figure 2.1(b) for coordinate transformation from z-y to Z-Y 
coordinate system: 
)2cos()2sin(  zyZ                       (2.6) 
)2sin()2cos(  zyY                       (2.7) 
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Scan length Ls 
can be calculate from Equation (2.8) by substituting α, Y and Z from 
Equation (2.3), (2.6) and (2.7) for any scan angle of θ and effective focal length f. The 
EOCT probe was designed to be used in a LS-OCT system that operates with a laser 
source of 1060nm center wavelength and 100nm spectral bandwidth, corresponding to 
5µm theoretical axial resolution. The scanner mirror placed at angle () of 20º with the 
collimated laser beam. A 14.93mm effective focal length (f) focusing mirror placed at a 
distance (d) of 10mm from the scanner mirror. By using above mathematical formulation 
for the scanner, for a scan angle (θ/2) of ±3º the theoretical scan length (Ls) is 3.02mm. In 
order to verify the scanner analytical model ZEMAX optical modeling program is 
utilized. A 2mm incident beam used in this configuration that gives 10µm transverse 
resolution with the current focusing configuration. 
2.2.2 Optical model 
ZEMAX optical design program used for optimization of the scanner performance. The 
program contains features and tools to design, optimize, and analyze any optical system 
[98]. Effective focal length of the focusing mirror, and the distance between focusing and 
scanner mirror, optimized for best focal line position for scanning a target scan length 
with a scan angle of ±3º. These optimized parameters ultimately fixed the minimum size 
of the scanner mirror and the focusing mirror therefore size of the entire EOCT probe for 
a particular beam size. In ZEMAX lens data editor, the focusing mirror surface defined 
with “Toroidal” surface types and the scanning mirror surface defined with “Standard” 
surface types. Radius, thickness values between surfaces and conic constant of the 
toroidal surface needed in lens data editor. In order to determine the best focusing 
performance, the focusing mirror radius of curvature, thickness (effective focal plane 
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distance), and distance between the scanner mirror and the focusing mirror was defined 
as a variable. A 2 mm diameter pupil “Gaussian” apodization types, conic constant [98] 
“-1” for parabolic surface and default “Merit Function” defined for best focusing 
performance optimization. First, the model was optimized for 13 different focal plane 
positions of within scan angle from -3° to +3° with an interval of 0.5° for the best-
focused line position. Figure 2.2(a) shows the optical model of the scanner configuration 
and Figure 2.2(b) shows ZEMAX shaded model. Focal plane position variation with in 
this scan range discuss in the performance analysis section.  
    
(a)         (b)   
Figure 2.2: (a) Scanner layout of ZEMAX model, (b) ZEMAX shaded model of focused 
line on best focal plane 
Again, the model was optimized for best focused with a fixed focused line position for 
the same scanner scan positions, detail result presented in the performance analysis 
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section. Figure 2.3(a) shows the optical arrangement of the ZEMAX model, two extreme 
ends, and one arbitrary position within the scans range. Figure 2.3(b) shows the scans 
rage in the ZEMAX shaded model. This optimization gives scan range of 2mm×3.20mm 
for scanner scan angle of ±3º with a 2mm beam size. The Strehl ratio for these 




Figure 2.3: (a) Scanner layout of ZEMAX model, (b) ZEMAX shaded model of focused 
line configuration on the image plane 
2.3 Performance analysis 
The performance of the optical system expressed in various ways. The spot diagram, 
modulation transfer function (MTF), encircled energy, Strehl ratio, irradiance 
distribution, ray aberration etc. [60, 75, 76], most commonly used for performance 
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analysis. For the proposed EOCT imaging system, scan field flatness also a parameter for 
the system performance evaluation. One of the objectives of this work is to implement 
the reflective optics focusing instated of pre-objective/ post-objective scanner 
configuration for flat scan field and reduces the data processing complexity. Due to the 
flat scan field the imaging system also maintain a constant transverse resolution 
throughout the scans range. For, λ=1060nm, ∆λ=100nm, D=2mm and ZEMAX optimized 
the best focal plane position f=14.93mm and axial resolution 5µm and transverse 
resolution 10µm. The aberration characteristic of the system was measured from the 
ZEMAX model in terms of Strehl ratio, which is varies from 0.967 to 0.998 within the 
scan rage of ±3º.  Figure 2.4(a) shows the system depth of scan range from ZEMAX 
model. Minimum spot size and two extreme ends of the depth of focusing range indicated 
by A, B‟ and B‟‟ respectively in both figure. Depth scan range of the system is 150µm 
with current configuration. Beyond this range, the beams are more diverging which was 






Figure 2.4: (a) Depth scan range and (b) Spot diagram in depth scan range. 
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Figure 2.5 shows the variation of the effective focal plane or scans field flatness of the 
proposed scanning system. With the present configuration, for ±3° scanning angle the 
scan range is 2mm×3.2 mm and the effective focal plane positions variation is 9µm. This 
gives a very good argument for the scan field flatness because the depth scans range is 
150µm with the current configuration. 
 
Figure 2.5: Scan field flatness. 
2.4 Conclusions 
A line scan EOCT (LS-OCT) imaging probe analytical and optical design demonstrated 
for high-speed scanning. Theoretical scans range 2mm×3.02mm for scan angle of ±3º but 
ZEMAX gives the scans range of 2mm×3.2mm for the same scan angle. The variation 
between the analytical and optical model scans rang approximately 5%. With the current 
focusing configuration the depth of scan range 150µm, which can be extend dynamically 
by moving the focusing mirror for three-dimensional imaging. The axial and transverse 
resolution of the proposed EOCT imaging system is 5µm and 10µm, respectively. Future 
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work includes reflective optics based spectrometer modeling for building all-reflective 
optics EOCT imaging system.  
Having completed the mathematical modeling of the reflective optics based line scanner, 
optical simulation and comparison of the imaging performance with refractive optics 












Chapter 3: Optical design of a line scanning system 
This chapter is based on the manuscript published in the Journal of Applied Optics [79], 
where the optical design of refractive and reflective optic based scanning system and 
performance comparison are presented. This chapter covers the objective „1c‟ of the 
“Objective and scope of the thesis” in Section 1.11. 
3.1 Introduction 
Optical Coherence Tomography (OCT) is a rapidly expanding technology in biomedical 
imaging as it facilitates real-time, in vivo imaging of tissue morphology and pathology 
without any post processing of the specimens [4]. Axial resolution, transverse resolution, 
depth of focus, sensitivity, etc. are the characteristic parameters that are used for 
designing an OCT system.  Axial resolution of an OCT system depends on bandwidth 
and center wavelength of the light source while transverse resolution and depth of focus 
depend on the numerical aperture (NA) of the focusing optics. Since depth of focus 
decreases with increase in the transverse resolution while using high NA optics there 
usually is a trade-off between the two.   However, higher transverse resolution with 
extended depth for three-dimensional imaging can be achieved by dynamic focusing [2, 
95]. In addition to the extended scan depth, high-speed is required for three-dimensional 
real time in vivo imaging. High-speed scanning is essential to reduce or eliminate the 
motion artifacts of the image, such as, eye or body motion. For high speed imaging in 
OCT, recent works include line-scanning [47, 48, 52, 53] and full field imaging [96]. In 
contrast to traditional OCT, where a two axis scanner acquires en-face image data by 
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modulating a flying spot onto a target in transverse directions, a line-scan OCT (LS-
OCT) acquires en-face image data by modulating a focused line onto the target in one 
direction.  Hence LS-OCT not only enhances the scanning speed [47], but also reduces 
the scanning distortion errors [45].  However, all the LS-OCT systems developed so far 
depend either on an external sample movement [48] or a galvo mirror [47, 86] for 
transverse scanning. Therefore, these systems are bulky and impractical for endoscopic 
biomedical imaging. 
A wide variety of OCT scanner configurations have been reported, including forward 
scanner, side scanner and circumferential scanner [28]. These OCT scanners could either 
be integrated with other existing biomedical imaging tools or can be used independently 
for in vivo imaging. The developed OCT scanners use either a pre-objective or a post-
objective scanner configuration. In the pre-objective configuration as shown in Figure 
3.1(a), scanning mirror is placed before the focusing lens and this type of scanner 
provides a flat field scanning. However, complex lens system design is required due to 
off-axis configuration. In the post-objective configuration as shown in Figure 3.1(b), the 
scanning mirror is placed after the focusing lens. A simple lens system is adequate for 
this configuration but the resultant scan field is not flat [77]. Another limiting factor with 
lens focused scanner is the chromatic aberration, where the effective focal length of the 
lens is wavelength dependent. This is particularly critical in OCT imaging as the light 
source is required to have a broad spectral range to increase the axial resolution [39]. This 
issue is usually solved by employing telecentric, aspheric and achromatic lenses in OCT 
imaging. But, these lenses are expensive, and they require complex design in order to 
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maximize the performance. Mirror focusing is an alternative for OCT imaging as it 
eliminates chromatic aberration and dispersion. 
 
Figure 3.1: (a) Pre-objective scanning, and (b) post-objective scanning. 
Mirror focusing eliminates the chromatic aberration due to its insensitivity to wavelength 
[77, 78], and hence the image quality is enhanced. Parabolic mirrors have been 
commonly used in laser printers [88], astronomical telescopes [97], X-ray collimators 
[89], and confocal microscopy systems [78] for focusing the laser beam as a spot. A 
cylindrical toroidal mirror instead of a cylindrical lens is planned in this work for 
focusing the broadband beam as a line.  This line scanner arrangement not only improves 
the image quality but also achieves a flat scan field [90].  
In this chapter, optical model of a pre-objective plano-convex cylindrical lens and 
achromatic cylindrical lens focused line-field forward-viewing scanning systems are 
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presented.  Mathematical and optical models of an off-axis toroidal cylindrical mirror 
focused line-field forward viewing scanning system are also presented. Optical design 
tools of ZEMAX are used to compare the imaging performance of the cylindrical lenses 
and cylindrical mirror focused scanning systems.  
3.2 Plano-convex cylindrical lens focused scanner optical model 
Line focused forward-viewing scanner was designed to be integrated with a Fourier 
domain optical coherence tomography (FD-OCT) system for high speed scanning. An 
830nm center wavelength laser source with a spectral bandwidth of 200nm was utilized 
for the current configuration.  Optical layout of the plano-convex cylindrical lens focused 
forward scanner is shown in Figure 3.2, where a micromirror scanner is placed on the 
back focal length (BFL) of the cylindrical lens.  Five different scanner positions with 
equal intervals were defined within a scan range of 2mm. The inset in Figure 3.2 shows 
focused line footprint diagram of these configurations at the imaging plane. Light beam 
that is reflected at 45° from a fold mirror onto the scanning mirror finally focuses on the 
focal plane through a cylindrical lens. Distance between the fold and scanner mirror is 




Figure 3.2: Cylindrical lens focus forward-viewing probe (BFL-back focal length, EFL-
effective focal length). 
Three cylindrical lenses with different effective focal lengths (EFL) of 12.7mm, 25.4mm 
and 50.8mm were used in the current model for performance analysis. A 2mm diameter 
pupil with “Gaussian” apodization type and a toroidal surface type with a conic constant 
of “-1” for the cylindrical lens surface was defined in the ZEMAX model. Specifications 
of the cylindrical lenses studied in this work are given in Table 3.1. For a particular scan 
range of 2mm X 2mm, the scanner scan angle or position depends on the EFL of the 
cylindrical lens as shown in Figure 3.3. For example, to scan a 2mm sample, scan angle is 
















12.7 7.54 7.83 N-BK7 6.588 6X6 
25.4 22.35 4.65 N-BK7 13.175 6X6 
50.8 46.68 6.26 N-BK7 26.315 6X6 
 
 
Figure 3.3: Scanner positions with different EFL for a 2mm scan range. 
3.3 Performance analysis 
The performance of the optical system is expressed in various ways. The spot diagram, 
illumination distribution, modulation transfer function (MTF), encircled energy, Strehl 
ratio, aberration, etc. are commonly used for performance analysis [60, 75, 76]. The 
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aberration characteristic of the system with the cylindrical lenses was evaluated using the 
ZEMAX model in terms of the Strehl ratio and chromatic focal shift of ultra broadband 
light source, which is critical for imaging quality of an optical system.  
Illumination distribution of a focused line in the X and Y directions from the ZEMAX 
model at scanner position 3 which corresponds to central position in the focal plane is 
shown in Figure 3.4. Because of the cylindrical lens focusing the line size in the X-axis is 
same as the pupil diameter and beam size in the Y-axis depends on NA of the focusing 
system. The Strehl ratio recorded for each scanner position for three EFL lenses is 
discussed in the following section. 
 
Figure 3.4: Illumination distribution at imaging plane (a) along the line and, (b) in the 
focusing direction. 
3.3.1 Strehl ratio analysis 
Strehl ratio is one of the key parameters used for assessing optical system imaging quality 
[83]. The Strehl ratio is a quantity that provides information about the flatness of the 
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wavefront, and therefore, the quality of the optical system. It is the ratio between the peak 
intensity of the aberrated point spread function (PSF) of the system to the peak intensity 
an aberration free PSF [75]. In case of line illumination, line spread function (LSF) is 














2 is the wavefront variance and λ is the 
wavelength of the source [76]. A Strehl ratio of 0.8 is the Marechal criterion for a good 
quality optical system [85], and it corresponds to an RMS wavefront error of 0.071 waves 
(λ /14).  Strehl ratio at different positions along the focal plane for a 2mm scan range with 
three different EFL cylindrical lenses used in this model is shown in Figure 3.5. Dotted 
boundary in Figure 3.5 indicates the acceptable range of Strehl ratio for high quality 
imaging based on Marechal criterion. For a 12.7mm EFL the Strehl ratio of 0.661 was 
achieved at the center of the focusing lens, which is already lower than the Marechal 
criterion. Strehl ratio decreases further as the beam moves away from the center of the 
cylindrical lens. However, with lower NA focusing lens, Strehl ratio improves and 
variation reduces within the scan range. For example, with 50.8mm EFL, the Strehl ratio 
is better than the Marechal criterion but the transverse resolution is low.  As mentioned 
earlier transverse resolution of an OCT system depends on NA of the focusing system. 
For cylindrical lenses with EFL 12.7mm, 25.4mm and 50.8mm, the transverse resolution 
of the system is 6.7µm, 13.4µm and 26.8µm respectively with a center wavelength of 
830±100nm and 2mm beam size. Therefore, with higher EFL the Strehl ratio improves 
while the transverse resolution or image quality of the scanning is reduced. As a result, 
aspheric, achromatic, or telecentric lenses have to be designed to maintain high imaging 
quality. Among these, achromatic doublets are the simplest. Hence, optical model and 
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performance analysis of an achromatic cylindrical doublet scanner is presented in the 
following section to compare the performance with that of cylindrical mirror scanning, 
which is the objective of this work. 
 
Figure 3.5: Strehl ratio of plano-convex cylindrical lens focused scanner. 
3.3.2 Achromatic cylindrical lens scanner 
Optical layout of an achromatic cylindrical lens scanner is shown in Figure 3.6. Surface 
type and beam size used in the achromatic cylindrical lens model are similar to those 
used in the plano-convex cylindrical lens model. Similar geometrical arrangements and 
five different scanner positions also used in this model except an achromatic cylindrical 
lens instead of the plano-convex cylindrical lens. The inset in Figure 3.6 shows focused 
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line footprint diagram for 2mm scan range at the imaging plane. Achromatic cylindrical 
lens radius of curvatures and thickness are shown in Table: 3.2. 
Table 3.2: Achromatic cylindrical lens specifications (in mm) 
EFL BFL R1 R2 R3 Tc1 Tc2 Material Aperture 
size 
12.7 7.60 6.75 -4.04 -30.78 3.69 0.72 BK7-SF5 6X6 
25.4 17.00 13.64 -8.46 -46.51 4.39 1.86 BK7-SF5 6X6 
50.8 46.68 31.69 -22.40 -68.99 3.00 1.50 BK7-SF5 6X6 
 
 
Figure 3.6: Achromatic cylindrical lens scanner. 
67 
Achromatic cylindrical lens focused scanners shows higher Strehl ratio compared to the 
plano-convex cylindrical lens scanners, as shown in Figure 3.7. In this case, Strehl ratio is 
better than the Marechal criterion for all three EFLs as highlighted by dotted line in 
Figure 3.7. For a 12.7mm EFL the Strehl ratio falls from 0.994 to 0.826 for a 2mm scan 
range. With low EFL lenses like 12.7mm, preferred for higher transverse resolution, the 
radius of curvature decreases significantly, as shown in Table 3.2. Hence, image quality 
variations are large within the scan range as small as was 1mm from the center. With 
higher EFL, variation of the Strehl ratio is less within the same scan range but the 
transverse resolution is low as discussed in the previous section. However, variation of 
the Strehl ratio due to misalignment is more pronounced and axial resolution degrades 
due to chromatic focal shift, which are discussed in the later part of this chapter. 
Alternatively, in this work, an off-axis toroidal cylindrical mirror focused scanner is 
proposed for high quality OCT imaging within the scan range.  
 
Figure 3.7: Strehl ratio of achromatic cylindrical lens focused scanner. 
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3.4 Mirror focused scanner model 
3.4.1 Mathematical model  
Consider the scanner configuration as shown in Figure 3.8, where the laser beam that is 
incident on a scanner mirror N is reflected onto a toroidal cylindrical mirror at a point O, 
which is finally focused onto the target at R. Angle between the incident and the reflected 
beams for both mirrors is , Distance between two mirrors is d and effective focal plane 
position of the focusing mirror is at a distance f. If the scanner mirror modulates the beam 
at an angle θ at P (z, y), it is focused onto the target sample at Q on the focal plane of the 
toroidal cylindrical mirror.  
 
Figure 3.8: Mirror focused forward scanner configuration. 
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Due to the optical beam modulation at an angle of θ or the scanner mirror rotation of θ/2, 
the focused line position shifts from R to Q. This essentially decides the scan length Ls 
which is expressed by the following equation:   
  )2tan()(   ZfYLs          (3.1) 
Detailed mathematical derivation can be found in Chapter 2 [90]. The forward scanner 
was designed to be used in an LS-OCT system that operates with a laser source of 830nm 
center wavelength and a 200nm spectral bandwidth. The scanner mirror is placed at an 
angle () of 45° with the collimated laser beam of 2mm diameter. A focusing mirror with 
12.7mm effective focal length (f) is placed at a distance (d) of 10mm from the scanner 
mirror. By using the above formulation, scan length of 2mm is predicted for a scan angle 
of ±2.4º. ZEMAX software was used to analyze the imaging quality and to validate the 
mathematical modeling of the cylindrical mirror focused scanner. 
3.4.2 Optical model and analysis 
Optical layout of the cylindrical mirror focused forward-viewing scanner is shown in 
Figure 3.9.  As explained earlier, five different scanner positions with equal intervals 
were defined in this configuration within a scan range of 2mm. Surface type and beam 
size used in the mirror model are similar to those used in the cylindrical lens model. It is 
important to note that the cylindrical mirror is a negative focal length cylindrical lens 
coated with a reflective surface and hence the difference in radius of curvature for same 
EFLs. Similar to the cylindrical lenses, three cylindrical mirrors with different effective 
focal lengths (EFL) were used for performance analysis and compared with the lens 
focused scanner. Mirrors specifications are shown in Table 3.3.  In this configuration, the 
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collimated light beam first hits the scanning mirror and is reflected at 45° onto the 
cylindrical mirror, and finally focuses onto the focal plane.  In order to scan a sample, 
light beam modulates onto the cylindrical mirror by the scanner mirror rotation.  Scanner 
rotation eventually determines the final focused beam position on the sample.  
 
Table 3.3: Cylindrical mirrors specifications 
EFL (mm) Radius of curvature(mm) Aperture size (mm) 
12.7 27.518 6X6 
25.4 55.090 6X6 
50.8 109.996 6X6 
 
 
Figure 3.9: Cylindrical mirror focus forward-viewing probe layout. 
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Detector view of the focused lines at the imaging plane for five different scanner 
positions is shown as an inset in Figure 3.9. Variation of the Strehl ratio for 2mm scan 
length with 12.7mm, 25.4mm and 50.8mm EFL cylindrical mirrors focused scanner is 
shown Figure 3.10. Dotted box in Figure 3.10 indicates the Strehl ratio higher than 
Marechal criterion.   
 
Figure 3.10: Strehl ratio of cylindrical mirror focused scanner. 
Overall, achromatic cylindrical lens focusing shows higher Strehl ratio compared to the 
plano-convex cylindrical lens and the cylindrical mirror focusing scanners. At 50.8mm 
EFL, the Strehl ratio of lenses and mirror focus shows the closer value but the transverse 
resolution is low at higher EFL. In case of the plano-convex cylindrical lens focusing 
scanner, the Strehl ratio drops significantly due to aberration as the beam moves towards 
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the edge of the lens. However, in the case of the cylindrical mirror focusing, the Strehl 
ratio does not vary significantly. For example, with 12.7mm EFL plano-convex 
cylindrical lens focused scanner, the Strehl ratio varies from 0.512 to 0.661, which is 
lower than the Marechal criterion. In case of the achromatic cylindrical lens this variation 
is from 0.826 to 0.994. While cylindrical mirror focused scanner, the Strehl ratio 
variation from center to one edge is 0.80 to 0.839 with the same EFL. Moreover, due to 
the off-axis arrangement in case of mirror scanning, the Strehl ratio improves while 
scanning on one side of the mirror, the variation is lesser as shown in Figure 3.10. For 
12.7mm EFL cylindrical mirror, Strehl ratio is better than Marechal criterion in one side 
of the mirror. This can be further improved by the beam movement towards the mirror 
optical axis for a larger scan range. The variation of the Strehl ratio is more pronounced 
for lens focused scanner if there are any beam misalignments. Variation due to beam 
misalignments has been evaluated by field analysis from the ZEMAX optical model. 
Spot profile or signal fall-off at the focal plane of the lens focused scanner becomes 
worse towards the edge of the focusing lens due to aberration. Therefore, beam alignment 
at the center of the lens is a critical issue. To compare the signal fall-off characteristics 
between the cylindrical lenses and mirror focused scanner four different fields at (0°,0°), 
(0°,1°), (0°,2°),  and (0°,3°) were configured. Since cylindrical lens is used variation is in 
only one axis is consider on the other axis is immune to optical variation. Field‟s data 
used for 12.7mm EFL plano-convex cylindrical lens, achromatic cylindrical lens and 
cylindrical mirror focused scanner is shown in the Figure 3.11. As the beam moves away 
from the center of the plano-convex cylindrical lens the Strehl ratio drops from 0.671 to 
0.633 due to chromatic aberration. However, in the case of the achromatic cylindrical 
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lens, this ratio falls 0.979 to 0.308.  While in the case of the cylindrical mirror focusing, 
the Strehl ratio varies from 0.867 to 0.840. Moreover, in case of the cylindrical mirror, 
due to the off-axis arrangement, as the field angle increases the beam moves away from 
the optical axis of the mirror. It accordingly reduces the Strehl ratio and image quality 
reduction is insignificant, compared to the same situation in lenses focusing.   
 
Figure 3.11: Strehl ratio falls off at different fields. 
3.5 Chromatic focal shift  
OCT utilizes ultra broadband light source for ultrahigh resolution imaging. Unlike 
traditional microscopy the transverse and axial resolutions of OCT system are decoupled. 
Transverse resolution depends on NA of focusing optics while the axial resolution 
depends on the spectral bandwidth of the light source. In the present model, a 2mm 
diameter beam with 830nm center wavelength and 200nm spectral bandwidth was used 
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for performance analysis. With this laser source theoretical axial resolution is 1.52µm. 
Effective focal length lens focused scanner varies as a function of wavelength. Therefore, 
it focuses broadband spectrum at different focal plane which provides lower axial 
resolution. Because of this focal shift, some of the beam focuses out of scan depth or 
depth of focus.  Figure 3.12 shows the chromatic focal position shift for plano-convex 
cylindrical lens, achromatic cylindrical lens and cylindrical mirror focusing scanner for 
the EFL of 12.7mm.For example, depth of focus of the 12.7mm EFL cylindrical lens is 
85µm while the chromatic focal shift is 95µm. In case of the achromatic cylindrical lens 
chromatic focal shift is 20µm with the same EFL. Chromatic focal shift is more 
pronounced with the higher EFLs. On the other hand, reflective optics focusing is 
insensitive to the wavelength. Therefore, it focuses broadband spectrum at the same focal 
plane.  
 
Figure 3.12: Chromatic focal shift for 12.7mm EFL. 
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3.6 Conclusions  
Mathematical model and optical design of an off-axis cylindrical mirror focused forward-
viewing OCT scanner for FD-OCT imaging is presented. Optical design of a cylindrical 
lens focused forward-viewing OCT scanner was also presented, and imaging 
performance of lens and mirror focusing was compared. Model results show that mirror 
focused scanner shows better Strehl ratio in comparison to the lens focused scanner. For 
example, the Strehl ratio improves 21% at the center position with 12.7mm EFL 
cylindrical mirror while comparing similar EFL cylindrical lens. However, due to the off-
axis arrangement, 46.5% improvements in one extreme and 63.7% in the other extremes 
were achieved with the same EFL. Due to its insensitivity to the broad spectral band of 
the laser, cylindrical mirror focused scanner maintains higher Strehl ratio throughout the 
scan range. Results also showed that for a wide field or large scan range, Strehl ratio 
drops rapidly in the case of the plano-convex cylindrical lens focusing while the 
cylindrical mirror focusing system maintains high Strehl ratio. While, achromatic 
cylindrical lens provide higher Strehl ratio, it falls rapidly towards the lens edges 
especially in the case of lower EFL lenses and the system is highly sensitive to optical 
alignment. Moreover, achromatic cylindrical lens performance degrades due to chromatic 
focal shift. Due to its insensitivity to the broadband spectrum, mirror focused scanners 
provide zero chromatic focal shifts. Moreover, in the case of the beam misalignments, 
mirror focused scanner provides better performance. Therefore, from the modeling results 
it can be concluded that for high quality imaging in OCT an off-axis cylindrical mirror 
scanner is an effective alternative to complex lens scanning systems. 
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The optical modeling of the proposed line scanner for OCT imaging has been performed 
in this chapter and its advantage over the refractive optics based scanners has been 
demonstrated. In the following chapter, the design of the reflective optics spectrometer 



















Chapter 4: Spectrometer design and signal 
processing 
This chapter covers the objective „2‟ of the Objective and scope of the thesis in Section 
1.11 and covers the work published in 2 conference proceedings in addition to some 
unpublished material. In order to avoid repetition, a modified introduction from two 
conference papers is presented in Section 4.1. The Section 4.2 covers the objective 2a of 
this thesis and is based on the material presented in Photonics North 2010 [91]. Section 
4.3 covers the objective 2b of this thesis and is based on material presented in Photonics 
North 2011 [92]. Section 4.4 presents the signal processing of line-scan SD-OCT which 
covers the objective 2c of this thesis.  
4.1 Introduction 
The spectrometer is the key component in the development of the spectral domain optical 
coherence tomography (SD-OCT) system. In SD-OCT, the interference data is acquired 
through the spectrometer and is then processed by using the Fast Fourier Transform 
(FFT) method. Spectrometers used for SD-OCT consist of a diffractive grating, a 
collimating and focusing optic, and a detector array.  
Broad spectral band is one of the primary requirements to achieve ultrahigh axial 
resolution from the OCT imaging. Traditionally, refractive optics is used in OCT imaging 
to focus the beam in the scanner arm as well as in the spectrometer. Effective focal length 
of the refractive optics varies with wavelength; therefore, the axial resolution degrades 
78 
due to chromatic aberration [39, 100-102]. In addition, the major limitation of spectral 
domain OCT is the depth dependent signal fall-off. The quality of the spectrometer and 
the image reconstruction method are the two main causes for the signal fall-off in the 
spectral OCT.  Custom designed achromatic lenses [100, 102] are commonly used to 
minimize the chromatic aberration, which is expensive and require complex design. 
Reflective optics focusing is an alternative, which is commonly used in laser printers 
[88], astronomical telescopes [97], X-ray collimators [89], and confocal microscopy 
systems [78] for focusing the laser beam.  It eliminates the chromatic aberration due to its 
insensitivity to wavelength [77, 78], and hence the image quality is enhanced. Recently, 
astigmatism-corrected reflective optics-based Czerny-Turner spectrometer configurations 
with off-the-shelf cylindrical lens have been reported [40, 42]. However, this 
spectrometer was designed for a flying spot scanning imaging system. Proper optical 
design and alignment of the spectrometer with appropriate reconstruction method is 
required to minimize signal fall-off [36, 37].  
In the present chapter, optical design of the refractive optics and reflective optics 
spectrometer for a spectral band of 200nm with a centre wavelength of 830nm is 
presented. Compare the imaging quality of the designed spectrometers using ZEMAX 
optical design software. Analytical model of line-scan SD-OCT signal processing also 
presented in the present chapter. 
4.2 Design of reflective optics spectrometer  
The proposed all-reflective optics spectrometer consists of a fold mirror, a reflective 
grating, a focusing mirror and an array detector as shown in Figure 4.1. The light beam 
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first incidents onto the fold mirror and is then reflected at an angle of 45° by the fold 
mirror towards the reflective grating. The beam is then dispersed into its component 
wavelengths from the reflective grating.  Angle between the incident and the reflected 
beam from the grating is 30° for the center wavelength which is shown in Figure 4.1. The 
spectrum dispersed from the reflective grating is focused onto the detector array using a 
cylindrical mirror. For the purpose of modeling, the distance between the fold mirror and 
grating is considered to be 15mm, and the distance between the grating and cylindrical 
mirror is considered to be 20mm, and the effective focal length (EFL) of the cylindrical 
mirror is 29.8mm. 
 
Figure 4.1: Schematic of all-reflective optics spectrometer 
4.2.1 Optical design 
The optical design of the spectrometer and its ZEMAX ray tracing are shown in Figure 
4.2. The spectrometer is designed to be used in the line-scan FD-OCT system. The 
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spectrometer is designed for the spectral bandwidth of 200nm with the center wavelength 
of 830nm. A 1200 l/mm diffraction grating and 29.8mm EFL cylindrical focusing mirror 
was used in the designed spectrometer. In the ZEMAX model, a toroidal surface was 
used for the cylindrical mirror. Conic constant of the toroidal surface was „-1‟. For the 
performance analysis in ZEMAX, five wavelengths 730nm, 780nm, 830nm, 880nm and 
930nm were defined. Incident beam of 2mm from the fold mirror to the grating is 
dispersed according to the wavelengths as shown in Figure 4.2. The dispersed beam is 
then focused onto the detector, detector view is shown as an insert in Figure 4.2.  The 
array detector of 1920 x 1080 pixels with each pixel having the size of 5µm by 5µm was 
considered for the spectrometer design.  Theoretical resolution of the spectrometer is 
0.1nm with a depth scan range of 1.7mm. 
 
Figure 4.2: Ray diagram illustrating the working of the all-reflective optics spectrometer 
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4.2.2 Performance measures 
In this chapter, a reflective optics spectrometer was modeled to be used with the line 
focused FD-OCT imaging system with a target scan range of 2mm by 2mm by 2mm. The 
performance of the designed all-reflective optics spectrometer was evaluated in terms of 
the Strehl ratio. The Strehl ratio was recorded from the ZEMAX model for the 
wavelengths of 730nm, 780nm, 830nm, 880nm and 930nm. Figure 4.3 shows the 
variation of the Strehl ratio for these wavelengths.  For 730nm the Strehl ratio is 0.92, 
and it improves for 780nm. Due to the off-axis arrangement, the Strehl ratio decreases 
slightly for the higher wavelengths. Another cause of this variation is the angle of the 
incident and the reflected beam from the grating.  However, the Strehl ratio achieved 
from the ZEMAX model is much better than the Marechal criterion of 0.8 [85]. With the 
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Figure 4.3: Variation of the Strehl ratio with wavelengths. 
4.3 Spectrometer imaging performance comparison  
Refractive optics and reflective optics spectrometers were designed using cylindrical 
optics, which can be utilized for line-field OCT imaging. In the refractive optics 
spectrometer, a plano-convex cylindrical lens and an achromatic lens were used while a 
cylindrical mirror was used in the reflective optics spectrometer configuration. The beam 
path of the designed spectrometer in the x-z plane and in the y-z plane is shown in Figure 
4.4. The dispersed spectrum on the CCD is shown in Figure 4.4 (c). The incident beam 
from the fold mirror to the grating is dispersed corresponding to the wavelengths. The 
dispersed beam is then focused onto the detector by using cylindrical focusing optics.  
The array detector of 1920 pixels in the spectral dispersed direction with each pixel 
having the size of 5µm was predicted for the spectrometer design. The number of pixels 
in the line direction depends on the size of the incident beam used in the spectrometer 
design. In the present work, 2, 3 and 4mm size beams were used to evaluate the imaging 
performance. 400, 600 and 800 pixels are required to cover 2, 3 and 4mm beams 
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respectively with a pixel size of 5µm. Therefore, to cover the 200nm spectral band with 
2, 3 and 4mm beams 1920 by 400, 1920 by 600 and 1920 by 800 pixels resolution 
detectors are required. 
 
Figure 4.4: Beam paths of the spectrometer on (a) the x-z plane, (b) the y-z plane and (c) 
CCD plane. (M-mirror, G-grating, CL-cylindrical lens, CM-cylindrical mirror, and CCD-
detector). 
4.3.1 Plano-convex cylindrical lens spectrometer 
In the refractive optics spectrometer, the light beam first incidents onto the fold mirror 
and is then reflected at an angle of 30° by the fold mirror towards the reflective grating. 
The broadband spectrum is then dispersed into its component wavelengths from the 
reflective grating.  Angle between the incident and the reflected beam from the grating is 
50° with respect to the center wavelength. The spectrum dispersed from the reflective 
grating is focused onto the detector array using a plano-convex cylindrical lens, as shown 
in Figure 4.5. A 25mm effective focal length cylindrical lens with BK7 glass was used in 
this design. Aperture size of the plano-convex cylindrical lens was 20mm by 20mm 
(PCKX045, Cylindrical optics company Ltd.). 
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Figure 4.5: Optical layout of the spectrometer with a plano-convex cylindrical lens. 
4.3.2 Achromatic cylindrical lens spectrometer 
Refractive optics spectrometer using an achromatic cylindrical lens was also designed for 
performance comparison. Optical design of the spectrometer with the achromatic 
cylindrical lens is shown in Figure 4.6. Focal length of the achromatic lens is 25mm. 
Radius of curvatures of the achromatic lens is 18mm, 10mm and 48mm for the first, 
second and third surface respectively. BK7 and SF5 glasses were used in the achromatic 
lens combination. Aperture size of the achromatic lens is 20mm by 20mm.  During the 
spectrometer design, achromatic cylindrical lens was available from two vendors. The 
aperture size for 25mm focal length was found to be 12.5mm diameter (Edmund optics - 
NT68-160) and 12.7mm by 12.7mm (Cylindrical optics company Ltd, ACL011). 
Therefore, custom-made lens design and fabrication are required for this spectrometer 
configuration to cover the 200nm spectral bandwidth.  
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Figure 4.6: Optical layout of the spectrometer with an achromatic cylindrical lens. 
4.3.3 Reflective optics spectrometer 
Reflective optics focused spectrometer was designed to compare the performance of the 
refractive and reflective spectrometer. Similar optical arrangement has been employed in 
the reflective optics spectrometer except a cylindrical mirror was used instead of the 
cylindrical lens to focus the beam onto the detector array, as shown in Figure 4.7. A 
modified optical model presented here for performance comparison. Radius of curvature 
of the cylindrical mirror is 51.7mm. This cylindrical mirror can be fabricated by applying 
reflection coating on a plano-concave cylindrical lens, for example, LK1743L1, Throlabs. 
The cost of the cylindrical mirror would be cheaper compared to the custom-made 
achromatic cylindrical lens.  
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Figure 4.7: Optical layout of the reflective optics spectrometer. 
4.3.4 Results and discussion 
In line-field OCT, the lateral resolution is defined in the focusing as well as in the line 
direction. Later resolution in the focusing direction is same as the flying spot scanning, 
which is determined by NA of the objective lens. On the hand, lateral resolution in the 
line direction is determined by the Nyquist sampling theorem.  According to the Nyquist 
sampling theorem larger beam in the spectrometer arm is required to achieve higher 
lateral resolution in line scan SD-OCT imaging [48]. In Chapter 2 and Chapter 3 [79, 90], 
a line-field scanning system was designed for 2mm scan range by using a cylindrical 
mirror for a high quality imaging. This spectrometer was designed to be integrated with 
our earlier designed line-focused scanning for high speed SD-OCT imaging. Incident 
beam sizes of 2, 3 and 4mm were used in the designed spectrometers to evaluate the 
effect of beam size on the imaging performance.  Therefore, the transverse resolution in 
the line direction is 10µm, 4.44µm and 2.25µm respectively for 2mm, 3mm and 4mm 
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beam. Imaging quality comparison of the designed spectrometers is presented in the 
following sections. 
4.3.4.1   Chromatic focal shift 
A higher spectral band light source is used for an ultrahigh axial resolution OCT imaging 
system.  Refractive optics is sensitive to the spectral width of the light source. Due to the 
chromatic focal shift, effective focal length (EFL) of the refractive optics varies with the 
wavelengths. Chromatic focal shift for 4mm beam of the three spectrometer 
configurations with 25mm EFL is shown in Figure 4.8. Chromatic focal shift for the 
plano-convex and achromatic cylindrical spectrometer are 186µm and 130µm 
respectively. Due to its insensitivity to the spectral bandwidth, cylindrical mirror 
configuration maintains zero chromatic focal shifts. Consequently the reflective optics 
spectrometer maintains higher imaging quality discussed in the following sub-section.  
 
Figure 4.8: Chromatic focal shift for 4mm. 
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4.3.4.2   Strehl ratio comparison 
The Strehl ratio (SR) is one of the parameters is used to evaluate the performance of the 
optical system. The SR is the ratio between the aberrated spread function to the 
aberration free spread function. SR from the ZEMAX model was recorded to compare the 
performance of the refractive optics and the reflective optics spectrometers. SR was 
recorded for the three beam sizes within 200nm spectral range with a centre wavelength 
of 830nm. Comparison of the SR for the beam size of 2mm, 3mm and 4mm are shown in 
Figures 4.9(a), (b), and (c), respectively.  
For 2mm beam size, similar performance was achieved from the both spectrometer 
configurations except small drops towards the edges. However, with the larger beam size 
the SR significantly drops towards the edges for the refractive optics configurations, as 
shown in Figure 4.9(b) and Figure 4.9(c). For example, in the case of plano-convex 
cylindrical lens with a 4mm beam the SR drops from 0.88 to 0.45 for the wavelength 
range of 830nm to 730nm. For the wavelength range 830nm to 930nm the SR drops from 
0.88 to 0.19. Due to the chromatic aberration, the broadband spectrum focuses in a 
different focal plane. In the refractive optics spectrometer configuration, the dispersed 
wavelengths either focused before reaching the CCD detector plane or reached the CCD 
plane before focusing, as shown in Figure 4.10.  As a result the imaging quality 
significantly reduces at the lower end of the spectral band.  
To enhance imaging performance, special designed achromatic lenses are used in SD-
OCT. Model results shows that in case of the achromatic cylindrical lens the SR drop 
from 0.99 to 0.58 and from 0.99 to 0.482 respectively for the wavelength range of 830nm 
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to 730nm and 830nm to 930nm. Reason of this variation is the residual chromatic 
aberration as shown in Figure 4.8, and the geometric configuration of the spectrometer 
such as the angle between the incident and the reflected beams, distance between the 
grating and the cylindrical mirror, and the ROC of the cylindrical mirror.   
On the other hand, reflective optics focusing is not sensitive to the spectral bandwidth of 
the light source. Therefore, reflective optics focused the whole wavelengths' band in the 
same focal plane. Imaging quality of the refractive optics spectrometer depends on the 
geometric configuration of the spectrometer. With an optimized geometrical 
configuration, a broad spectral band can be focused on the CCD detector plane which 
will improve the imaging performance, as can be seen in Figure 4.7. Hence, chromatic 
aberration can be eliminated by using reflective optics instead of the refractive optics 
focusing.  The designed cylindrical mirror focused spectrometer configuration maintains 
an SR of more than 0.92 throughout the 200nm spectral range for a 4mm beam size. 
Therefore, reflective optics spectrometer design maintains the SR above the Marechal 













Figure 4.10: Wavelengths spread on CCD plane. 
4.4 Analytical model of line-scan SD-OCT signal acquisition 
In this section, a brief analytical model of the signal acquisition in SD-OCT for line scan 
is carried out. Hu. Z. et al. [36] reported analytical model of flying spot SD-OCT signal 
acquisition and studied spectrometer design parameters. In SD-OCT, the interference 
signal from the reference mirror and from all reflective surfaces within the sample depth 
range is recorded in a single shot. In the flying spot SD-OCT, a line scan camera is used 
in the spectrometer to record the interference signal. Every individual wavelength 
focused to a point spread function (PSF) is centered at specific coordinate of the CCD 
array. Hu. Z. et al. [36], used normalized 2D Gaussian distribution Equation (4.1) to 
derive a general expression for flying spot SD-OCT signal recorded by j
th
 pixel of the 



















































































































)(    (4.2) 
The signal acquisition model presented here was modified from Hu. Z. et al. [36] model 
for line-scan SD-OCT.  In line-scan SD-OCT, such as the one developed in this work, an 
area scan camera is required to record the spectrally encoded interference data. The 
analytical model of the proposed line scan SD-OCT system presented herein is 
established based on the following assumptions:  
1). each single wavelength is focused as a line at particular coordinate of the CCD array, 
2). the line intensity distribution is a two-dimensional Gaussian distribution of the line 
spread function (LSF),  
3). intensity of each pixel contains contributions from all the wavelengths of the 
broadband spectrum, and  
4). intensity of each pixel is depends on the spectrometer line profile, and the size and 
shape of the pixel. The CCD array resolution is Nx by Ny with a pixel size of ∆Nx by ∆Ny. 
5). SD-OCT signal consists of DC term, cross-correlation term, and the auto-correlation, 
as discussed in Section 1.6.5. Cross-correlation term contains the axial profile of the OCT 
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image.  For simplicity only the cross-correlation term was used to build this analytical 
model. 
The schematic of the intensity distributions are shown in Figure 4.11. The spectrometer 
disperses the wavelength spectrum which covers the x-axis of the CCD array while the 
focused line covers the y-axis of the CCD array.  
 
Figure 4.11: Spectral intensity and line intensity distribution on the CCD detector array. 
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Considering the above assumptions, three-dimensional (3D) model of the signal intensity 
)(
yx jj
yxI for the (jx, jy)
th
  pixel of the array positioned at coordinate )(
yx jj
yx  can be 
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      (4.3) 
Here, Rr and Rs are the power spectral density from the reference arm and from the 
sample arm respectively, k is the wave number, and ∆l is the path length difference 
between the sample arm and reference arm. The wave number k is defined by k=2π/λ. 
 ),(,, yx jikyxG  is a normalized 2D Gaussian of LSF. A is the area of pixel (jx, jy) and the 
differential variable is described by dA=dxdy. 2D Gaussian distribution of a LSF can be 
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Here, the spread size „a‟ is the full-width-at-half-maximum (FWHM) in the focusing 
direction and „b‟ is the FWHM in the line direction of the LSF. The contribution of wave 
number ),( yx jik  at (x, y) in pixel (jx  jy) can be expressed by a normalized 2D Gaussian 
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The total intensity of pixel (jx, jy) by ),( yx jik is the integral of the distribution function 
),( yxG over the area of pixel (jx, jy), which can be expressed by: 
 
 
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For simplicity Equation (4.4) was solved by using integral by parts method. 
Solution for first part of the Equation (4.4): 
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is the error function.  
Solution for second part of the Equation (4.6): 






 xErfdxe x             (4.10) 




























































































































































     (4.11) 
Now, the intensity distribution can be rewritten from Equation (4.6) as: 
 
   



























































































































































































































  (4.12) 
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),(,,  in Equation (4.3) the interference signal can be 
rewritten as:  















































































































              (4.13) 
This equation is verified by applying a = b which makes the line to a spot and 0
xj
y  so 
that the area scan camera becomes a line scan camera. If these two changes are carried 
out, the Equation (4.13) will be same of the Equation (4.2) derived by Hu. Z. et al. [36] 
for flying spot scanning. The Equation (4.13) represents the optical resolution of the 
spectrometer based on the contribution of the finite pixel size as well as the LSF. Here, 
the pixel height yN  and spread „b‟ affect only the total intensity, while the pixel width 
xN  and the line spread „a‟ affect the interference signal. 
A-scan profile can be obtained by performing Fourier Transformation (FT) of the 
Equation (4.13). Since the intensity distribution in the line direction has no influence on 
the interference signal, the depth dependent signal fall-off of the line-scan SD-OCT will 
be similar to that of the flying spot SD-OCT. Examples of A-scan profile generation and 
depth dependent sensitivity fall-off is presented in Appendix A. The depth dependent 
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  is the reciprocal linear dispersion, where k  
is the segment of the wave number covered by the CCD pixel width xN . The reciprocal 











  [104]. Where, d is the groove 
spacing of the grating, β is the diffracted angle, m is the order of diffraction, and f is the 
effective focal length of the spectrometer focusing optics. 
Therefore, depth dependent signal fall-off depends on the imaging quality of the 
spectrometer and determined by the line spread function „a‟ for a designed spectrometer. 
The line spread function „a‟ is driven by the spectrometer system parameters.  These 
system parameters include the CCD pixel size )( xN , grating grove spacing (d), the 
diffracted angle (β), the order of diffraction (m), and the effective focal length of the 
spectrometer focusing optics (f).  
Optical design of refractive optics and reflective optics spectrometers are presented in 
Section 4.3. It can be seen from Figure 4.9(c) that for a 4mm beam the SR varies 
significantly with respect to the wavelength in the case of refractive optics based 
spectrometers, while the SR remains same for reflective optics spectrometer. Since SR is 
defined by the size and shape of the spread function, the loss of SR with respect to 
wavelength signifies a change in the spread function with wavelength thereby affecting 
the sensitivity fall-off. 
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As a consequence, the LSF „a‟ changes its size and shape towards the end of the spectral 
range.  Hence, the LSF of a single wavelength may not fit into a pixel area and its 
intensity distribution could potentially reach in the surrounding pixels. Figure 4.12 shows 
the LSFs of the plano-convex cylindrical lens focused spectrometer and Figure 4.13 
shows the LSFs of the achromatic lens focused spectrometer at different wavelengths. On 
the other hand, the reflective optics-based spectrometer maintains a consistent SR and 
therefore consistent size and shape of LSF throughout the 200nm spectral bands, as 
shown in Figure 4.14. It can be seen from the figures that the LSF „a‟ is consistent within 
the spectral range in the case of reflective optics spectrometer, thereby providing better 
sensitivity in comparison to refractive optics spectrometers.  
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Figure 4.12: LSFs of the plano-convex cylindrical lens based spectrometer  
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Figure 4.13: LSFs of the achromatic cylindrical lens based spectrometer 
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Figure 4.14: LSFs of the cylindrical mirror based spectrometer 
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4.5 Conclusions 
Optical modeling of a reflective optics spectrometer for light source with a spectral 
bandwidth of 200nm for a high quality line-field SD-OCT imaging is presented in this 
chapter. The imaging performance was compared with the refractive optics 
spectrometers. A plano-convex cylindrical lens, an achromatic cylindrical lens and a 
cylindrical mirror was used as a focusing element in the designed spectrometers. The 
spectrometers cover the spectral range of 730nm to 930nm. Performances of the designed 
spectrometers were assessed by recording the SR and chromatic focal shifts from the 
ZEMAX optical model. Chromatic focal shift for the plano-convex and the achromatic 
cylindrical spectrometer is 186µm and 130µm respectively while the cylindrical mirror 
maintains zero chromatic focal shifts due to its insensitivity to the broad spectral band. 
Model results show that for a larger beam size the performance drops significantly in the 
case of plano-convex cylindrical lens focused spectrometer. For example, in case of the 
4mm size beam, the SR drops by 48% from 830nm to 730nm and by 78% from 830nm to 
930nm wavelength range.  In case of the achromatic cylindrical lens spectrometer, the SR 
drops by 41% from 830nm to 730nm and by 51% from 830nm to 930nm wavelength 
range. Whereas reflective optics focused spectrometer maintains an SR more than 0.9 for 
the wavelength range of 730nm to 930nm regardless of the beam sizes considered. 
Therefore, reflective optics spectrometer provides better imaging performance with a 
higher resolution.  In addition, an analytical model has been developed for data 
processing with the proposed line-scan SD-OCT and shows that the reflective optics 
based spectrometer based SD-OCT systems provide better sensitivity throughout the 
200nm spectral band width. 
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Chapter 5: Experimental validation of reflective 
optics line scanning system 
Optical design of the vital sub-modules of OCT imaging is presented in Chapter 2 to 
Chapter 4. From the performance analysis it is proved that the reflective optics based 
scanning system provides better imaging quality compared to the refractive optics based 
scanning system. Reflective spectrometer also provides better performance compared to 
the refractive optics spectrometer. A 200nm spectral band width light source was used in 
the scanning system and in the spectrometer design for a high axial resolution. 
Modified optical model and experimental validation are presented in this chapter 
covering objective „1d‟ of the Objective and scope of the thesis in Section 1.11. This 
chapter is based on the manuscript submitted to the Journal of Optics (Manuscript ID - 
JOPT/400149/PAP/148632) [93]. A 53nm Spectral bandwidth light source with a centre 
wavelength of 843nm was used for experimental validation of the scanning system. The 
spectral range of this light source is from 800nm to 880nm with a center wavelength of 
843nm. Though the axial resolution is reduced due to the reduction of the spectral 
bandwidth, this will not have any influence on the imaging quality as mirror focusing is 
insensitive to the spectral bandwidth.  
5.1 Introduction 
Optical coherence tomography (OCT) is a non-invasive optical imaging technology that 
can generate two-dimensional (2D) and three-dimensional (3D) images with micrometer 
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scale resolution. In OCT, axial resolution is determined by the spectral bandwidth of the 
light source whereas the lateral resolution is determined by using the system optics [30, 
31, 105]. In addition to high resolution, a higher imaging speed is also essential for 
clinical applications of the OCT imaging. After implementation of the Fourier domain 
acquisition in OCT, the imaging speed and sensitivity improve significantly [73, 106]. 
However, most of the OCT systems utilize point based scanning in which 2D mechanical 
scanning is required to acquire a 2D tomogram, thereby reducing the imaging speeds. 
Alternatively, parallel detection, such as line-scan (LS) OCT [47, 48, 52, 53, 86] and full-
field has been developed for high speed imaging. Full-field OCT (FF-OCT) is not 
suitable for endoscopic OCT imaging [87]. A line-scan OCT provides parallel spatial 
detection, thereby increasing the speed and constancy while reducing the complexity 
compared to a flying-spot scanning system. 
In OCT imaging, the axial and transverse resolutions are decoupled. In line-field OCT, 
the light beam focuses in one direction by using cylindrical optics, and in the other 
direction the beam size remains the same as the incident beam. Hence, transverse 
resolution in a line-field OCT is determined independently in the focusing and in the line 
directions [47, 48]. Transverse resolution in the focusing direction of a line-field OCT is 
same as the transverse resolution of the flying spot OCT, which is determined by the 







22.1 , where, sl is the line 
length, c , is the center wavelength of the light source, and f is the effective focal length 
of the scanner arm focusing optics. Thus, a higher transverse resolution can be achieved 
either by using a larger size beam ( sl ) or a shorter focal length (f). On the other hand, in 
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the case of endoscopic OCT imaging, the probe size prevents the use of a larger beam.  
Hence, the only way to increase the transverse resolution is by using a shorter focal 
length. The transverse resolution in the line direction is determined according to the 











M  of the sizes of the line-focused beams in the 
sample and the detector [48]. The line size in the detector  xxCCD NNl .  can be 
rewritten in terms of number of pixels xN  of the detector occupied by the line length 

















x . Therefore, the transverse resolution in the line direction 
depends on the line size on the sample and the detector resolution.  
For high axial resolution OCT imaging, an ultrahigh broadband light source is required. 
For example, a 200nm spectral bandwidth [108] was used for the OCT imaging, which 
gives an axial resolution of 1.3µm in tissue. A conventional lens used in an OCT system 
focuses these wavelengths in different focal planes. Therefore, the axial resolution of the 
OCT imaging degrades due to chromatic aberration [39, 109]. Mirror focusing [77, 78] is 
an alternative that can be used to eliminate the chromatic aberration. Since the focal 
length of the mirror is insensitive to the spectral band of the light source, the axial 
resolution is not affected in OCT imaging with reflective optics.  
A cylindrical mirror focused-line scanning system has been designed for high speed 
scanning with higher imaging quality. This scanning system can be utilized for OCT 
imaging applications with sub-micron axial resolution in general. With the ability to 
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miniaturize the proposed scanning system, this can have an impact in endoscopic imaging 
applications in particular.  In chapter 2 [79], and Chapter 3 [90], a mathematical model 
and an optical design of a line scanning system was reported for 200nm spectral 
bandwidth. The imaging performance was compared between a plano-convex cylindrical 
lens, an achromatic cylindrical lens, and a cylindrical mirror-based focused-line scanning 
system with 50.8mm, 25.4mm, and 12.7mm effective focal lengths [79]. The model 
results showed that the cylindrical mirror-focused scanning system provides better 
performance compared to both plano-convex system and better achromatic cylindrical 
lens scanning system. The model results also showed that cylindrical mirror scanning 
provides better performance when the beam is off-set from the center of the focusing 
optics.  
In this chapter, a modified optical model and experimental validation of the line-scanning 
system is presented. The scanning system imaging quality was evaluated using ZEMAX 
optical design software. The results were verified experimentally. In the system that was 
developed, a light source with a center wavelength of 843nm and a spectral bandwidth at 
full-width-half-maximum (FWHM) of 53nm was used. Strehl ratio was used to evaluate 
the imaging quality of the scanning system over a 2mm scan range by using cylindrical 
mirrors with radius of curvatures (ROC) 51.7mm and 103.4mm. 
5.2 Optical design of the scanning system 
With the experimental constraints taken into consideration, the earlier optical design [79] 
was modified. In chapter 3 [79], the performance of the designed scanning system was 
evaluated for 25.4mm, 51.7mm and 103.4mm ROC mirrors with a 200nm spectral 
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bandwidth. The distance between the mirrors and the angle between the incident beam 
and the reflected beam were optimized for higher imaging quality. The beam reflected 
from the scanning mirror is blocked by the CCD camera housing before reaching on the 
cylindrical mirror as shown in Figure 5.1. The beam is blocked by the camera housing 
because of a low ROC mirror with a smaller angle between the incident and reflected 
beams „‟ and with a shorter distance „d‟. The blocked beam is indicated by the dotted 
lines in Figure 5.1. For the experiments, the housing was removed from the camera, 
enabling the use of both 51.7mm and 103.7mm ROC mirrors with a distance „d‟ of 
35mm. The reduction of the distance „d‟ below 35mm or lowering the ROC from 
25.4mm is not possible with the CCD camera.  The scanning system imaging 
performance was evaluated using free space optics. However, for a real endoscopic OCT 
system where the sample would be scanned instead of the CCD, beam blocking would 
have no influence. The designed scanning system can be used for real OCT imaging with 
a higher transverse resolution. The details of optical design of the scanning system can be 
found in chapter 2 [79], and Chapter 3 [90]. 
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Figure 5.1: Beam blocking with CCD housing. 
Cylindrical mirrors with ROCs of 51.7mm and 103.4mm were used in the optical design. 
The focal length (FL) of these mirrors is 25.85mm and 51.7mm respectively.  In this 
design, an 843nm light source with a FWHM of 53nm was used. To avoid the beam 
clipping, the distance d was maintained at 35mm and the angle  was maintained at 45° 
for both configurations. The incident light beam was collimated with a 10mm focal 
length achromatic collimating (AC) lens (Thorlabs, AC060-010-B) from a 0.14 NA 
object space beam. Subsequently, the beam was reflected by a scanning mirror (SM) and 
finally focused as a line onto the CCD plane by the cylindrical mirror (CM). The 
collimated output beam size was 2mm (at 1/e
2
). The optical layout of the scanning system 
is shown in Figure 5.2. Figure 5.3 shows the beam paths of the scanning system in the x-z 
plane and y-z plane. The collimated beam was focused as a line by using a cylindrical 
mirror in the Y-direction whereas in the X-direction it remained the same as the incident 
beam as shown in Figure 5.3(c). Scanning was carried out in the Y-direction by rotating 
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the scanner mirror. Details of the scanning method and scanner position configuration 
can be found in our earlier works [79, 90]. 
 
Figure 5.2: Scanning system layout. 
 
Figure 5.3: Beam paths of the scanning system:  (a) in the x-z plane, (b) in the y-z plane, 
and (c) the CCD view. 
Though the focal plane of the mirror is half of its ROC, due to off-axis configuration, the 
focal plane position (FPP) will be a function of the scanning system configuration. For 
performance evaluation, the FPP was optimized by using ZEMAX optical design 
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software within a 2mm scan range. First, the model was optimized for the FPP position 
with the beam at the center (C) of the cylindrical mirror. In the case of the 51.7mm FL 
mirror, the optimized FPP was 47.77mm. Then the FPP position was optimized for the 
two beam off-set positions from the centre of the cylindrical mirrors. The optimized FPP 
for both cylindrical mirrors with the beam positions at the center (C) of the mirror, 1mm 
off-set (C+1), and 2mm off-set (C+2) from the center is tabulated in Table 5.1.  
Table 5.1: Optimized FPPs from the ZEMAX optical model. 
Incident Beam position 
on the cylindrical mirror 
For 51.7mm FL 
mirror 
For 25.85mm FL 
mirror 
Center (C) 47.77 23.90 
Centre + 1 (C+1) 47.19 23.38 
Centre +2 (C+2) 46.61 22.74 
 
5.3 Experimental setup 
The experimental setup consists of a superluminescent diode (SLD) laser, a scanning 
mirror, a cylindrical focusing mirror, and a CCD detector. The spectral bandwidth of the 
SLD light source (Superlum HP-371) at full-width-half-maximum (FWHM) is 53nm with 
a center wavelength of 843nm. The theoretical axial resolution with this source 
configuration is ~6µm.   The beam was collimated by using a custom-made pigtail 
achromatic collimator (OZoptics). This collimator was specially designed for a 
wavelength range of 800nm to 880nm with a focal length of 10mm and 0.14 NA single 
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mode fibre (Corning HI-780) to provide a 2mm (1/e
2
) collimated beam. The cylindrical 
mirrors were fabricated by applying a reflective coating on plano-concave cylindrical 
lenses (Thorlabs, LK1743L1 and LK1069L1). The ROCs of the cylindrical mirrors used 
for this study was 103.4mm and 51.7mm with an aperture size of 8mm by 8mm. The 
cylindrical mirror was mounted on an XY stage (Melles Griot, 07 TMC 502). A flat 
mirror was used as a scanning mirror mounted on a tilt and rotation stage (Newport, M-
PO46N-50) for spatial scanning. Manual scanning was performed by using stage 
rotations in order to change the beam position on the detector, which can be replaced by a 
MEMS scanning mirror in the case of endoscopic probes.  An area scan CCD camera 
(JAI CV-A11) was used to capture the beam profile. The resolution of the CCD was 644 
by 492 pixels with a pixel size of 7.4µm
2
. The CCD housing was removed to avoid beam 
blocking, as discussed in Section 6.1. The CCD was mounted on an XYZ stage, which 
was built with two Melles Griot (07 TMC 502) micro stages for the X and Y movement 
and a Newport (M-460A series) micro stage for the Z-axis movement. 
5.4 Scanning procedure 
First, the collimated beam was aligned straight, and the beam was incident on the flat 
mirror. The flat mirror was placed at an angle of 22.5° with respect to the collimated 
beam, providing the angle „‟ between the incident and reflecting beams as 45°, as shown 
in Figure 5.2. The cylindrical mirror was positioned at a distance of 35mm from the flat 
mirror. The beam was aligned parallel to the initial collimated output beam and 
positioned at the center (C) of the cylindrical mirror using XY micro stage.  Then the 
CCD camera was positioned at the optimized focal plane of the cylindrical mirror by 
translating the micro stage in Z-axis. Then the focussed beam was positioned at the center 
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of the CCD by using the XY micro stage, which is denoted as the centre position (0mm 
scan position) of the scan field. After the beam was aligned at the 0mm scan position, the 
SLD power was adjusted to avoid saturation on the CCD (shown in Figure 5.4). Neutral 
density filters were used to reduce the background noise. Scanning was carried out by 
using the tilt and rotation stage. Five line profiles that were captured for performance 
evaluation within the 2mm scan range at -1mm, -0.5mm, 0mm, 0.5mm and 1mm, are 





Figure 5.4: Saturated and unsaturated line profile (a) in the line direction and (b) in the 
focusing direction. 
     
         -1mm              -0.5mm                 0mm                0.5mm                1mm 
Figure 5.5: Line profiles at different scan positions. 
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The beam position on the focusing mirror is a critical issue for the scanning system in 
order to maintain the imaging quality throughout the scan range. Results from our earlier 
model [79] prove that in the case of beam off-set from the center of the focusing optics, 
the cylindrical mirror provides better performance than either that of the plano-convex 
cylindrical lens or that of the achromatic cylindrical lens focusing. In order to evaluate 
the performance of the designed scanning system under these conditions, an intentional 
beam offset of 1mm and 2mm away from the center of the mirror was provided by 
moving the cylindrical mirror in the Y-axis. Then five beam profiles were then captured 
by using the CCD in the above-mentioned scan positions within the 2mm scan range for 
each offset. In both cases, the CCD camera position was adjusted at the center with 
respect to the 0mm scanning position by moving the XY micro stage. In the case of 
51.7mm FL mirror, experiments were done at fixed focal plane positions and at 
optimized focal plane positions, and, in the case of the 25.85mm mirror, the experiments 
were carried out only with optimized focal plane positions. The SLD power was adjusted 
in such a way that there was no saturation at any of the five positions within the 2mm 
scan range. This power was maintained for the subsequent experiments.  
5.5 Results and discussion   
The scan map was reconstructed from the five beam profiles captured using a program 
written with LabVIEW software. The beam profiles were captured as image files and 
then converted into intensity text-array data. The portion of the beam profile that 
contained the line image data was then extracted from the arrays and stitched together to 
build the scan map. The scan range in the X-direction was determined by the incident 
beam size, which was 2mm in the developed system. In the Y-direction, the 2mm scan 
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range was covered by the rotation of the scanning mirror.  Figure 5.6 shows 2D scan map 
and 3D beam profiles of the five focused lines within the scan range of 2mm by 2mm 
from which en-face OCT imaging data can be acquired and the depth information can be 
obtained in combination with the spectral domain (SD) acquisition. 
The Strehl ratio (SR) is one of the quality assessment parameters for the optical system 
[84, 110]. The Strehl ratio is the ratio between the aberrated spread function and the 
aberration-free spread function. In order to evaluate the imaging quality of the developed 






Figure 5.6: (a) 2D scan map and (b) 3D beam profiles of 2mm by 2mm scan range. 
5.5.1 Performance analysis for 51.7mm FL mirror  
From the ZEMAX model, SR data was obtained from the cross section of the line at the 
centre of the beam profile. The SR measurements for the beam positions at center (C ) of 
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the mirror, 1mm off-set from the centre (C+1), and 2mm off-set from the centre (C+2) 
measured at the fixed focal plane of 47.77mm are shown in Figure 5.7 (a), (b), and (c), 
respectively. In the case of the beam position at C for which the focal plane was 
optimized, the SR values are very high and in the case of C+1 and C+2, the model and 
experimental results show higher variations in the SR within the scan range. However, 
the SR is better than the Marechal criterion throughout the 2mm scan range for the beam 
position at C and C+1. In the case of the 2mm beam off-set, the SR is slightly lower than 
the Marechal criterion at one end. However, the trends of the SR measurements for all 
three cases are the same and show good agreement between the optical model and the 
experimental results with a maximum deviation of ~6%. 
As the beam moves from the centre of the mirror, the effective FPP changes due to the 
ROC of the mirror and the off-axis scanning system configuration, affecting the imaging 
quality. This can be improved by optimizing the FPPs for the specific beam off-set 
position as shown in Table 5.1. If the FPPs are optimized, the ZEMAX model shows an 
SR of 0.99 throughout the 2mm scan range regardless of the beam offset. Hence, only the 
experimental results with optimized FPPs are shown in Figure 5.8, which shows good 
agreement with the model results. The SR is better than the Marechal criterion throughout 













Figure 5.8: Experimental results with optimized FPPs for 51.7mm FL mirror. 
5.5.2 Performance analysis for 25.85mm focal length 
 In the case of endoscopic imaging applications, transverse resolution can be improved 
only by using a lower FL focusing optics due to the size restriction of the scanner probe. 
In our experiments, the performance was evaluated with a 25.85mm FL cylindrical mirror 
for higher transverse resolution scanning. The imaging performance produced by the 
ZEMAX model with the first optimized focal plane position set at 23.91mm is shown in 
Figure 5.9. If the beam position is at C, the SR is in the acceptable range within 1mm of 
the 2mm scan range whereas in case of beam off-sets, the SR varies significantly from 
0.91 to 0.32 and 0.43 to 0.2 within the scan range. 
This variation in SR is due to the fact that the optical angle required for scanning the 
2mm range is much higher due to the smaller ROC [79]. The variation is even more 
pronounced if the beam is moved from the centre of the mirror with lower ROC. 
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However, the imaging quality can to some extent be improved by optimizing the FPPs for 
each beam off-set. Hence, in this case, the experiments were carried out only with the 
optimized FPPs.  
 
Figure 5.9: Model results with a 23.91mm FPP for the three beam positions on the mirror. 
Figure 5.10 (a), (b), and (c) show the comparison between the model and experimental 
results for a 25.85mm FL mirror for the beam positions at C, (C+1), and (C+2). For this 
three beam positions, the experimental results were in good agreement with the model 
results on one side of the 2mm scan range and the deviation is higher on the other side. 
This trend is similar to the one seen in experiments with 51.7mm FL cylindrical mirror 
and this is due to the fact that, in the off-axis mirror arrangement, the scanning angle 
moves the beam away from the optical axis on one side, thus deteriorating the image 








Figure 5.10: Model and experimental results with the beam position at (a) C, (b) C+1, 
and (c) C+2 for a mirror the 25.85mm FL. 
As shown earlier, the imaging quality of the scanning system reduces within the scan 
range while scanning with a lower FL mirror. Due to the off-axis arrangement, the 
imaging quality is determined by the geometrical configuration of the scanning system. 
In the model and experiments the same configuration was used to evaluate the imaging 
quality of the developed scanning system. However, the optical scan angle is 2.4° for the 
51.7mm FL mirror whereas the scan angle is 4.8° in the case of the 25.85mm FL mirror 
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[79], thereby increasing the angular variation between the incident and reflected beams. 
Once the angular variation is higher between the incident beam and the reflected beam, 
the imaging quality significantly drops. 
5.5.3 Imaging quality improvement 
The advantage of using cylindrical reflective optics is that en-face scanning is needed in 
only one direction. If the scan direction is changed in such a way that the incremental 
angle is in the orthogonal plane to that of the optical axis, the affect of the incident angle 
is negligible. Optical design software does not allow us to change the focussing as well as 
the scanning direction to the X-axis instead of the Y-axis. So the imaging quality was 
assessed experimentally by changing the focusing and the scanning direction from Y to X 
by rotating the cylindrical mirror by 90° in the X-Y plane. Figure 5.11 shows the 
experimental results of X and Y scanning for a 25.85mm mirror at a beam position at C.    
 
Figure 5.11: Comparison of the experimental results for the Y and X direction. 
123 
Figure 5.12 shows the 3D beam profiles of a 2mm by 2mm scan range. Results show that 
the system maintains SR higher than the acceptable limit throughout the scan position. 
From the results, it is evident that the SR improved by changing the focusing and 
scanning direction. Further study is required to verify the effects of the angle between the 






Figure 5.12: 3D scan map showing (a) Y-direction scanning and (b) X-direction 
scanning. 
5.6 Conclusions 
An off-axis cylindrical mirror focused line scanning system was developed to provide 
high imaging quality. Mirrors with focal lengths of 25.85mm and 51.7mm were used to 
evaluate the imaging quality of the scanning system. The cylindrical mirror focuses a 
2mm collimated beam as a line onto a CCD. Manual scanning was performed to scan 
2mm range in the focusing direction and the line size was 2mm.  The developed scanning 
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system covers a 2mm by 2mm en-face scanning area by using a single-axis scanner. A 
53nm spectral bandwidth light source with a center wavelength of 830nm was used in the 
developed system. Strehl Ratio (SR) was used to evaluate the imaging quality of the 
developed scanning system. Three incident beam positions were used to evaluate the 
beam positioning sensitivity of the scanning system. For a 51.7mm FL cylindrical mirror, 
the experimental results showed good agreement with optical model predictions and 
maintained SR better than the Marechal criteria throughout the 2mm scan range. When 
the 25.85mm FL cylindrical mirror was used, the variation of the SR between the 
experimental measurements and the model prediction was higher. However, the trend of 
the SR was consistent throughout the 2mm scan range for three incident beam positions. 
When the 25.85mm FL mirror was used, a higher optical scan angle was required to scan 
a 2mm scan range compared to the 51.7mm mirror. Therefore, the variation of the angle 
between the incident and the reflected beam was higher. As a result the SR drops once 
the beam moves away from the optical axis. An optimized orthogonal scanning scheme 
was tested, and the result showed performance improvement. Further study is presented 
in Chapter 6 to confirm the effect of the incident angle, distance between the mirrors, and 





Chapter 6: Optimized line-scanning system 
parameters  
Modified optical model and the experimental validation of the reflective optics based 
scanning system were presented in Chapter 5 and it has been concluded that the imaging 
quality can be further improved by optimizing the scanning system parameters and by 
changing the scan direction from tangential to sagittal plane. In the current chapter, the 
effect of scanning system parameters and scan direction on the imaging quality is 
presented.  This chapter is a reproduction of the manuscript that was submitted to the 
Journal of Biomedical Optics (Manuscript ID-JBO 11373) [94]. This chapter covers the 
objective „1e‟ of the Objective and scope of the thesis as detailed in Section 1.11. 
6.1 Introduction 
Optical coherence tomography (OCT) is a high resolution, non-invasive cross-sectional 
imaging technology [4]. In OCT, a single-axis or a two-axis scanner is required to obtain 
two-dimensional (2D) or three dimensional (3D) imaging [61, 67]. A pre-objective or a 
post-objective lens scanning configuration is commonly utilized in OCT imaging. To 
perform the scanning using a pre-objective configuration, the beam is required to move 
away from the optical axis of the lens. . Consequently, a complex lens system design is 
required to maximize the imaging quality throughout the scan range [81]. On the other 
hand, a simple lens system is sufficient in the case of post-objective lens configuration, 
but the resultant scan field is not flat [77, 81, 82].  To achieve a flat scan field in the post-
objective configuration, Polygon scanner mirrors are commonly used [111]. However, 
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they are not suited for endoscopic scanning owing to their large size. Moreover, a broader 
spectral-band light source is required in OCT imaging for a higher axial resolution and 
the effective focal length (EFL) of the lenses varies as a function of the wavelengths 
[112].  Consequently, the imaging quality of the lens-focused scanning system is reduced 
due to the chromatic aberration [39].  In addition, the imaging quality of flying spot 
scanning is also reduced because of the distortion errors [45] and motion artifacts such as 
eye or body motion [46]. 
A line-scanning (LS) system that uses cylindrical lens-focusing has been reported for 
high-speed OCT imaging [47, 48, 52, 53]. In LS-OCT, a collimated beam is focused as a 
line on the sample by using cylindrical optics. The line size in the focusing direction is 
determined by the numerical aperture (NA) of the objective lens whereas in the other 
direction it remains the same as that of the collimated beam. 2D cross-sectional imaging 
data can be obtained by using line focused scanning with spectral-domain (SD) 
acquisition without requiring a mechanical scanner. On the other hand, the 3D image data 
can be obtained by using line scanning with SD acquisition by integrating only a single 
axis scanner. As a result, line-field scanning increases the scanning speed while 
maintaining the sensitivity advantage of flying spot scanning with SD acquisition [47]. 
However, the line-scanning systems developed so far, use lenses to focus the beam, 
thereby affecting the image quality, which is degraded by the chromatic aberration and 
scanning distortion errors. Mirror focusing is an alternative that can eliminate the 
chromatic aberration as the mirror is insensitive to the spectral bandwidth of the light 
source. In Chapter 2 and Chapter 3 [79, 90], a mathematical model and optical design of 
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a cylindrical mirror-based scanning system have been reported. It was proved that, for 
OCT applications, the mirror focusing performs better than the lenses. 
The transverse resolution depends on the numerical aperture of the scanning system and 
can be increased by using either a larger beam or a cylindrical mirror with a shorter EFL. 
In the case of endoscopic OCT imaging, the probe size prevents the use of a larger beam. 
Consequently, the only way to increase the transverse resolution is by using a mirror with 
a shorter EFL. The imaging quality of the mirror-focused scanning system does not 
depend on the spectral bandwidth of the light source [79]. However, due to off-axis 
arrangement of the scanning system layout, the imaging quality is dependent on the 
geometrical arrangement of the scanning system. The scanning system parameters 
include the following: the incident beam size, the distance between the mirrors, the angle 
between the incident and reflected beams, the optical scan angle, and the effective focal 
length (EFL) of the cylindrical mirror. The optimization of these parameters is required to 
maximize the imaging quality throughout a target scan range.   
In this chapter, the results of a modified optical model and the experimental validation of 
that model are presented. The effects of the angle between of the incident and reflected 
beams „‟, the distance between the mirrors „d‟, and the EFL of the cylindrical mirror, on 
the flatness of the scan field were studied. In addition, scanning was performed both in 
the tangential (Y-scan) and in the sagittal (X-scan) planes to evaluate the effect of 
scanning direction on the flatness of the scan field. Two beam off-set positions from the 
centre of the cylindrical mirror were studied to evaluate the robustness of the cylindrical 
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mirror scanning to beam-position variations. The scan field flatness was evaluated using 
the Strehl Ratio (SR). 
6.2 Scanning system configuration 
Consider that, in the scanning system configuration shown in Figure 6.1, the laser beam 
which is incident on a scanner mirror at N, is then reflected onto a cylindrical mirror at a 
point C. The beam is finally focused onto the target at R. The radius of curvature of the 
cylindrical mirror is r. The angle between the incident and the reflected beams is „‟, the 
distance between the two mirrors is CN=d, and the focal plane position of the cylindrical 
mirror is CR=f. An optical scan angle of θ is required to scan a target scan range of „Ls‟. 
The details of this model and the scanning procedure can be found in Chapter 2 and 
Chapter 3 [79, 90]. 
A collimated beam is required to sweep on the cylindrical mirror in order to scan the 
target range Ls. Because of this beam sweeping, the optical scan angle varies from -θ/2 to 
+θ/2 with respect to the angle „‟. For this optical scan angle, the angle between the 
incident and reflected beams varies from ( - θ/2) to ( + θ/2). This angular variation also 
depends on the distance between the mirrors and the radius of curvature of the focusing 
mirror. The focal length of the cylindrical mirror is half of the radius of curvature while 
the beam is in the optical axis of the mirror. Using an off-axis scanning system 
configuration, the effective focal length (EFL) is determined by the d, θ, r, and  of the 
configured system [90]. The EFL positions also vary according to the beam position on 
the cylindrical mirror.  
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Figure 6.1: Scanning system configuration with a Y-axis scanning.  
The advantage of using the cylindrical mirror is that en-face scanning requires only one 
directional scans. Therefore, a cylindrical mirror can be used to perform en-face scanning 
either in the tangential plane (Y-scan) or in the sagittal plane (X-scan) by focusing the 
beam in the respective direction. A map of en-face scanning performed by using a Y-scan 
and by using an X-scan is shown in Figure 6.2 (a) and (b) respectively. If the scan 
direction changes from the Y-scan to the X-scan, the influence of the angle „‟ is 
diminished because the scanning is performed in the orthogonal direction with respect to 
the incident beam. As a result, the position of EFLs within the scan range varies as a 
function of d and θ. Hence, for a fixed d and r, the EFL positions within the scan range 




(a)            (b) 
Figure 6.2: 2D scan map of the (a) tangential(Y-scan) and (b) sagittal(X-scan) scanning. 
6.3 Optical simulation using the Y-scan system configuration 
To evaluate the flatness of the scan field, a 2mm beam and cylindrical mirrors with radius 
of curvatures (ROC) of 51.7mm and 103.4mm were used. Therefore, the EFL of these 
mirrors is 25.85mm and 51.7mm respectively. Strehl Ratio [79] was used for 
performance evaluation. An 843nm centre wavelength light source with a spectral range 
of 800nm to 880nm was used in the ZEMAX model.  Since mirror-focusing is insensitive 
to wavelength bands and it maintains zero chromatic focal shifts [79], this system can be 
used for any broader spectral bandwidth light source that is required for OCT imaging. 
The influence of the scanning system parameters was simulated for a 2mm by 2mm scan 
field by using the ZEMAX optical design software. 
6.3.1 Effect of the distance (d)  
The effect of the distance between the scan mirror and the cylindrical mirror „d‟  was 
studied with the ZEMAX software for 25.85mm and 51.7mm FL mirrors with an angle 
„‟ of 45° for five different distances of „d‟. The Strehl Ratio was recorded at five 
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different positions within the 2mm scan range. In the ZEMAX model, five beam 
positions with an interval of 0.5mm were defined within the 2mm scan range.   These 
scans at positions, indicated by -1mm, -0.5mm, 0mm, 0.5mm and 1mm, scan are shown 
in Figure 6.3. The results are shown in Figure 6.4 for a 51.7mm FL mirror and Figure 6.5 
for a 25.85mm FL mirror. The simulation results show that, in the case of the 51.7mm 
FL, almost the same SR was maintained throughout the 2mm scan range when the 
distance between the mirrors „d‟ was 50mm or lower (lines are overlaps in Figure 6.4), 
and if the distance was more than 50mm, the SR drops slightly towards both ends.   
 
Figure 6.3: Five beam positions in the 2mm by 2mm scan field. 
In the case of the 25.85mm FL mirror, a good SR is maintained when the mirror is 
located at „d‟ less than or equal to 25mm. For a larger distance, the imaging performance 
drops significantly towards the ends of the scan range. Therefore, to achieve a high 
imaging quality, the distance between the mirrors should be equal to or less than the FL 
of the mirror. However, due to the experimental constraints, the distance between the 




Figure 6.4: Variation of SR for different „d‟s for 51.7mm FL mirror. 
 
Figure 6.5: Variation of SR for different „d‟s for 51.7mm FL mirror. 
6.3.2 Effect of the incident angle () 
Table 6.1 shows the value of the parameters that were used in the ZEMAX model to 
evaluate the effect of the incident angle. The optical scan angle from the ZEMAX and the 
angular variations (±θ/2) for 51.7mm and 25.85mm FL mirrors with different    are 
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given in Table 6.2. Here, the optical scan or the angular variation corresponds to the 2mm 
scan range for a defined .  
Table 6.1: ZEMAX model parameters 
r (mm) d (mm)  
103.4 35 30°,45°,60° 
51.7 35 30°,45°,60° 
 
Table 6.2: Angular variations simulated using the ZEMAX for a 2mm scan range 
 Optical scan angle (θ)  Angular variation (±θ/2)  
 25.85mm FL 51.7mmFL 25.85mm FL 51.7mmFL 
30° 4.4° 2.2° 27.8° – 32.2° 28.9° – 31.1° 
45° 4.8° 2.4° 42.6° – 47.4° 43.8° – 46.2° 
60° 5.2° 2.6° 57.4° – 62.6° 58.7° – 61.3° 
 
The focal plane position (FPP) was optimized with a different angle of   for the best SR 
within the 2mm scan range. The optimized FPP positions of the 51.7mm FL mirror and 
the 25.85mm FL mirror are given in Table 6.3. Figure 6.6(a) shows the SR comparisons 
with these incident angles for a 51.7mm FL mirror, and Figure 6.6(b) shows the SR 
comparisons for a 25.85mm FL mirror at optimized FPP for the specific „‟. In the case 
of the 51.7mm FL mirror, the SR remained better than the Marechal criteria throughout 
the 2mm scan range regardless of the angle „‟. In the case of the 25.85mm FL mirror, 
the SR was higher than the Marechal criteria throughout the 2mm scan range when the 
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incident angle was 30°. However, in the case of the 45° and 60° angles, the SR drops 
towards both ends of the 2mm scan range. The SR drops because a higher optical angle is 
required when using a lower FL mirror to scan the same 2mm range.  






30° 49.939 24.992 
45° 47.767 23.913 
60° 44.778 22.43 
 
  
(a)        (b) 
Figure 6.6: SR comparisons at different incident angles using (a) a 51.7mm FL mirror 
and (b) a 25.85mm FL mirror.  
The model was optimized for a best SR for each beam position within the 2mm scan 
range. The effective focal length (EFL) position was optimized individually for five 
different beam positions.  The EFL position variations with different incident angles for 
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51.7mm FL mirror and 25.85mm FL mirror are shown in Figures 6.7(a) and (b), 
respectively. The results show that the variation of the EFL position (ΔEFL) is higher 
when reducing the FL of the mirror and/or increasing the angle between the incident and 
reflected beams. For example in the case of the 51.7mm FL mirror, ΔEFL is 250µm from 
the center to one end of the scan field with =60° compared to a ΔEFL of 50µm with 
=30°. Similarly at =60°, the ΔEFL varies from 250µm to 874µm if the FL of the 
mirror is changed from 51.7mm to 25.4mm. Because of this higher ΔEFL, the imaging 
quality drops significantly towards the ends of the scan field. In order to obtain high 
imaging quality, the angle between the incident and reflected beams „‟ should be 0º 
making it an on-axis scanning system. Since this is not possible, flat scan field can be 
achieved by using an angle of , which is as low as the design would permit.  
  
(a)           (b) 
Figure 6.7: EFL position variations at different incident angles with (a) a 51.7mm FL 
mirror and (b) a 25.85mm FL mirror. 
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6.4 Experimental setup 
The experimental setup consists of a superluminescent diode (SLD) laser, a scanning 
mirror, a cylindrical focusing mirror, and a CCD detector, as shown in Figure 6.8. The 
spectral bandwidth of the SLD (Superlum HP-371) at full-width-half-maximum (FWHM) 
is 53nm with a center wavelength of 843nm. The beam was collimated by using a 
custom-made pigtail achromatic collimator (OZoptics) to 2mm. The ROCs of the 
cylindrical mirrors used for this study was 103.4mm and 51.7mm with an aperture size of 
8mm by 8mm. A flat mirror mounted on a tilt and rotation stage (Newport, M-PO46N-
50) was used as a scanning mirror. A 644 by 492 CCD camera (JAI CV-A11) with a 
pixel size of 7.4µm
2
 was used to capture the beam profile.  
The beam reflected from the scanning mirror is blocked by the CCD camera housing 
before reaching on the cylindrical mirror. Hence, for the experiments, the housing was 
removed from the camera, enabling the use of both 51.7mm and 103.7mm ROC mirrors 
with a distance „d‟ of 35mm. The reduction of the distance „d‟ below 35mm or using 
mirrors with ROC less than 51.7mm is still not possible with the CCD camera. Five line 
profiles that were captured for performance evaluation within the 2mm scan range are at -
1mm, -0.5mm, 0mm, 0.5mm and 1mm. The captured beam profiles were analyzed using 




Figure 6.8: Experimental setup of the scanning system. 
6.5 Result and discussion 
Consistency of the imaging quality throughout the target scan range is required to  
maintain the flatness of the scan field. Y-scans and X-scans were performed by rotating 
the scanning mirror in the respective direction for a target scan range of 2mm. The Strehl 
Ratio (SR) was used to evaluate the flatness of the scanning system with 51.7mm FL and 
25.85mm FL mirrors. Spread function was used to obtain the SR from the ZEMAX 
model as well as from the experimental measurements.  
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6.5.1 Flatness evaluation with Y-scan system configuration 
In the Y-scan configuration, the collimated beam was focused in the Y-axis while the X-
axis remained the same as the collimated beam size. The system parameters that were 
discussed in Section 6.3 were used for the experiments. The scanning was performed by 
rotating the scanning mirror in the Y-axis. Five beam profiles were captured with an 
interval of 0.5mm within the 2mm scan range. The experiments were repeated for the 
incident angles of 30°, 45°, and 60° with a distance of d=35mm. Comparisons of SR 
between ZEMAX modeling and the experiments for a 51.7mm FL mirror, with the beam 
positons set at incident angles of 30°, 45°, and 60°are shown in Figure 6.9(a), (b), and (c), 
respectively. In the case of 30° and 45° incident angles, the SR remained above the 
Marechal criteria throughout the 2mm scan range. In the case of the 60° incident angle, 
the SR is 2.5% lower than the Marechal criteria at one end of the 2mm scan range.  
Because of the off-axis configuration, the beam is blocked by the camera housing for 
<45° with a 25.85mm FL. Thus, the experiments were restricted to =45° and =60° 
with a 25.85mm FL. In the case of shorter FL mirrors, a larger optical scan angle was 
required to scan the 2mm scan range compared to that of the longer FL mirrors, resulting 
in increased EFL position variations. The model results and the experimental results with 
45° and 60° angles are shown in Figures 6.8(a) and (b), respectively. In the case of 45° 
angle, the variation between model and experimental measurements is 29% whereas this 
variation is 39% in the case of 60° angle. However, with the different incident angle the 
result shows the same trend within the scan range. The modeling results in Section 6.3 
show that the scanning system maintained a consistent SR within the 2mm scans range 
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with an angle of =30°.  Therefore, variations of the imaging quality can be reduced by 







Figure 6.9: SR comparison of 51.7mm FL mirror with the angle of (a) =30° (b) =45°, 
and (c) =60°. 
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The experiments were performed in a free space optics system, where the system 
geometric parameters such as the distance „d‟, the angle „‟ and the ROC, were restricted 
by the size of the optics and that of the CCD camera. However, in the real imaging 
system scanning would be performed on the sample instead of on the CCD camera, and 
the scanning mirror can be replaced by a MEMS mirror. Design of a miniature scanning 
system was reported in our earlier work [90]. The mirror distance of d=10mm and the 
angle of =20° with the 14.95mm FL mirror were used in the miniature scanning system 
simulation. With these parameters, the scanning system maintained an SR more than 0.97 
throughout the 2mm scan range. Therefore, the developed scanning can be used in 
endoscopic OCT imaging as well as in external OCT imaging applications with a higher 
transverse resolution. 
   
(a)         (b) 
Figure 6.10: SR comparison for 25.85mm FL mirror with the angle of (a) =45° and (b) 
=60°. 
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6.5.2 Flatness evaluation with X-scan system configuration 
X-scanning was performed to evaluate the effect of the scanning direction on the flatness 
of the scan field. The ZEMAX optical design software does not permit changing the 
scanning as well as the focusing direction for this off-axis scanning system configuration. 
Thus, the flatness of the scan field was experimentally evaluated by using an X-scan. For 
this set of experiments, same system parameters that were used in the optical model and 
in the Y-scan configuration were repeated.  X-scans were performed by changing the 
focusing and the scanning direction from the Y-axis to the X-axis. When the scanning 
direction was changed from Y to X, the scanning was performed in the orthogonal plane 
with respect to the incident beam. Because of that the incident angle  does not have any 
influence on the angular variations during the scanning. Hence, the EFL positions vary as 
a function of the scan angle. The incident angles of 30°, 45° and 60°were used with the 
51.7mm FL mirror. Because of the experimental constraints, in the case of the 25.85mm 
FL mirror, the experiments were limited to the incident angles of 45° and 60°. 
Experiments were performed by positioning the beam at the center (C) of the mirrors.  
Five beam profiles were captured within the 2mm scan range, and then the profiles were 
processed to extract the SR value. Comparisons of the SR for the beam position at C are 
shown in Figures 6.11 (a) and (b) for the 51.7mm FL mirror and for the 25.85mm FL 
mirror, respectively. The experimental results show that the SR maintained above the 
Marechal criteria of 0.8 throughout the 2mm scan range regardless of the focal length and 




(a)             (b) 
Figure 6.11: X-scan SR comparison with the beam position at C for (a) 51.7mm, and (b) 
25.85mm FL mirror. 
Two off-set positions on the cylindrical mirrors were used to evaluate the sensitivity of 
the scanning system to variations in beam positioning. For both mirrors, a 1mm off-set 
from the center (C+1) and a 2mm off-set from the center (C+2) were studied. Five beam 
profiles were recorded within the 2mm scan range for each off-set position. The SR 
comparisons of these beam positions are shown in Figures 6.10 and 6.11 respectively. 
Experimental results show that the SR maintained above the Marechal criterion 
throughout the 2mm scan range regardless of the beam position, the incident angle, and 
the radius of curvatures. Therefore, the developed scanning system provides flat scan 
field by maintaining consistent SRs throughout the 2mm scan range.  
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(a)        (b) 
Figure 6.12: X-scan SR comparison with the beam position at C+1 for (a) a 51.7mm FL 
mirror and (b) 25.85mm FL mirror. 
   
(a)        (b) 
Figure 6.13: X-scan SR comparison with the beam position at C+ for (a) 51.7mm FL 
mirror and (b) 25.85mm FL mirror. 
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3D beam profiles from the Y-scan and from the X-scan made by using a 51.7mm FL 
mirror and a 25.85mm FL mirror are shown in Figure 6.14 and Figure 6.15 respectively. 
In the case of the 51.7mm FL mirror, the beam profiles show consistency throughout the 
2mm scan range in both scanning directions. In the case of the 25.85mm FL mirror, the 
beam profile lost consistency towards the ends of the 2mm scan range when using the Y-
scan system configuration. The reason for this loss is attributed to the higher angular 
variation with respect to the angle between the incident and the reflected beam for the 
same scan field of 2mm. In the case of the X-scan system configuration, the beam 
profiles maintained consistency throughout the 2mm scan range. In this configuration, the 
scanning was performed in the orthogonal plane with respect to the incident beam. 
Therefore, the incident angle does not have any impact on the angular variation. 
 
(a)               (b)  




(a)           (b)  
Figure 6.15: 3D map of 25.85mm FL mirror with =60° (a) Y-scan and (b) X-scan 
configuration. 
6.6 Transverse resolution comparison 
The shape and the size of the spread function determine the transverse resolution. 
Imaging quality depends on the consistency of the transverse resolution throughout the 
scan range. Transverse resolution in the line focusing direction is quantified by using the 
full-width-at-half-maximum (FWHM) of the spread function. Therefore, a consistent 
FWHM is required to achieve a flat scan field image.  To evaluate the effect of the scan 
direction on the FWHM, the spread function was extracted from five beam profiles. 
Figure 6.16 shows the spread function at five scan positions within a 2mm scan range 
using the 25.85mm FL mirror at the angle =45°. In the case of the X-scan, a 15µm 
transverse resolution is maintained throughout the 2mm scan range. In the case of the Y-
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scan, a 15µm transverse resolution was achieved only at the centre of the scan field. It 
drops significantly towards the ends of the scan field. 
   
(a) -1mm    (b) -0.5mm      (c) 0mm 
  
(d) 0.5mm   (e) 1mm   




A robust line-scanning system has been demonstrated by using cylindrical mirror 
focusing. A 53nm spectral bandwidth light source with a centre wavelength of 843nm 
was used in the developed scanning system. A 25.85mm focal-length cylindrical mirror 
and a 51.7mm focal-length cylindrical mirror were used to focus a 2mm collimated beam. 
The effect of the angle between the incident beam and the reflected beam and the 
distance between the mirrors was studied. The flatness of the scan field was demonstrated 
by using tangential scanning. For high-performance imaging with the developed system, 
the geometric parameters of the scanning system, such as the angle between the incident 
beam and the reflected beam should be as low as the design would permit and the 
distance between the mirrors should be smaller than or equal to the focal length of the 
cylindrical mirror. The improvement of the imaging performance by using sagittal 
scanning was demonstrated and proved that sagittal scanning provides robust 






Chapter 7: Conclusions and future studies 
7.1 Conclusions 
The main objective of this thesis work is to develop a reflective optics-based line-scan 
SD-OCT for high-quality imaging at high-speeds for endoscopic applications. The 
proposed objectives have been achieved in this research, as reflective optics based novel 
line scanning system has been developed. Analytical models and optical designs of 
scanning system and spectrometer were explored in this thesis study. This thesis study 
explored the utilization of reflective optics in optical coherence tomography for high 
imaging performance. Significant advantages of the reflective optics focusing compared 
to that of refractive optics focusing with respect to chromatic aberration, scan field 
flatness, and uniformity of imaging quality over a fixed scan range were established 
through optical simulation and experimental verification. An off-axis cylindrical mirror 
has been used for line field focusing in the scanning system and in the spectrometer. 
Refractive optics scanning system by using plano-convex cylindrical lens and achromatic 
cylindrical lens are designed to compare the performance with reflective optics focusing 
system. Strehl ratio (SR) of 0.8, which is the Marechal criteria for a good quality optical 
system, was used as a benchmark for performance comparisons and experimental 
validations. 
 The literature review examined the overview of the medical imaging and the 
state-of-the-art of OCT imaging. Subsequently, different types OCT systems, 
scanning protocols, and system design requirements have been reviewed. Flying 
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spot vs. line scanning and refractive vs. reflective optics system were then 
reviewed in relation to the imaging quality of the OCT imaging. It was concluded 
that the focusing lens in the scanner arm and in the spectrometer are the primary 
limitations to achieve high-quality imaging with SD-OCT. 
 To overcome the limitations of the lens focusing system, cylindrical mirror 
focusing was proposed. The main benefit of the cylindrical mirror focusing is the 
insensitivity to the broader spectral bandwidth. Mirror focusing eliminates the 
chromatic aberration and provides uniform imaging quality within the design scan 
range. 
 Mathematical model of an off-axis cylindrical mirror focused line scanning 
system has been developed and scan field flatness was evaluated using ZEMAX 
optical design software.  In the optical model, a 2mm collimated beam is focused 
as a line by using cylindrical optics and 100nm spectral bandwidth light source 
was used. The effective focal plane variation of 9µm was demonstrated from the 
optical model within the 3.2mm scan range.   
 Imaging quality was compared between the refractive optics and reflective optics 
focused scanning systems. A plano-convex cylindrical lens and an achromatic 
cylindrical lens were used in the refractive optics scanning system configuration 
while a cylindrical mirror was used in the reflective optics configuration. The 
effective focal lengths of 12.7mm, 25.4mm, and 51.8mm were used for 
performance comparisons. The scanning system was designed for 2mm by 2mm 
scan range with a light source of 200nm spectral band width. Model results 
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proved that, Strehl ratio drops rapidly in the case of the plano-convex cylindrical 
lens focusing while the cylindrical mirror focusing system maintains high Strehl 
ratio. On the other hand, achromatic cylindrical lens provided higher Strehl ratio 
when the beam is on the optical axis, while it reduces rapidly towards the lens 
edges especially in the case of higher transverse resolution where lower focal 
length lenses are employed. Due to its insensitivity to the broadband spectrum, the 
mirror focused scanners provide zero chromatic focal shifts. Moreover, in the case 
of the beam off-set from the center of the focusing optics, the mirror focused 
scanner provides better performance. From the modeling results, it was concluded 
that for high quality imaging in OCT an off-axis cylindrical mirror scanner is an 
effective alternative to complex lens scanning systems.  
 With similar optical elements used in the scanning system, refractive optics and 
reflective optics based spectrometers were designed and their imaging 
performance was compared. 2mm, 3mm, and 4mm collimated beams were used to 
compare imaging quality at different transverse resolutions.  Transverse resolution 
in the line direction with these beams is 10µm, 4.44µm and 2.25µm respectively. 
Model results proved that at a high transverse resolution, the performance drops 
significantly in the case of plano-convex cylindrical lens focused spectrometer. 
For example, in case of the 2.25µm transverse resolution, the SR drops by 48% 
from 830nm to 730nm and by 78% from 830nm to 930nm wavelength range.  In 
case of the achromatic cylindrical lens spectrometer, the SR drops by 41% from 
830nm to 730nm and by 51% from 830nm to 930nm wavelength range. Whereas 
reflective optics focused spectrometer maintains an SR more than 0.9 for the 
151 
wavelength range of 730nm to 930nm regardless of the transverse resolution. The 
depth scan range with this spectrometer configuration is 1.7mm and spectral 
resolution is 0.1nm. Analytical model and signal processing of the line-scan SD-
OCT were demonstrated. From the analytical model, the importance of the quality 
of the LSF to signal sensitivity fall-off has been ascertained and it was proved that 
the reflective optics spectrometer‟s performance is superior to that of the 
refractive optics spectrometer. 
 Performance analysis from the optical models proved that the cylindrical mirror 
focusing is robust either compared to the plano-convex cylindrical lens or 
compared to the achromatic cylindrical lens. Moreover, the cost of the cylindrical 
mirror is lesser compared to the custom-made achromatic lens for high-quality 
imaging. 
 To validate the optical model, an experimental setup consisting of a broadband 
light source, fiber optic collimator, scanner mirror and a cylindrical focusing 
mirror together with a CCD camera for analysis of the Strehl ratio was 
constructed. A LabVIEW based software program was developed to analyze the 
focused line spread function from the CCD image. A 53nm spectral bandwidth 
light source with cylindrical mirrors of 25.85mm and 51.7mm focal lengths were 
used in the modified model and experimental validation. To prove the 
effectiveness of the cylindrical mirror focusing manual scanning was performed. 
The model and experimental results showed good agreement. 
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 To evaluate the robustness of the developed scanning system, the effects of the 
geometric parameters of the scanning system on the imaging quality were studied. 
The effects of the angle between of the incident and reflected beams, the distance 
between the mirrors, and the focal length of the cylindrical mirror, on the flatness 
of the scan field were demonstrated, and the design parameters were identified.  
 In addition, the effect of the scanning direction on the imaging quality of the LS 
OCT was also studied in order to evaluate the scan field flatness. The 
improvement of the imaging performance by using sagittal scanning was 
demonstrated and proved that sagittal scanning provides robust performance 
regardless of the scanning system parameters. 
 The robustness of the developed scanning system to variations in beam position 
was studied theoretically for the lens and the mirror focused scanning systems. 
For this, an incident beam was off-set by 1mm and 2mm from the center of the 
lens/mirror focus and the imaging performance was compared. It was proved that 
the mirror focusing is insensitive to variations in beam position. It was also 
experimentally verified for the proposed scanning system.  
7.2 Future studies 
The main objective of this research was to develop a reflective optics-based endoscopic 
line-scan OCT imaging system. A novel line scanning system and a reflective optics 
based spectrometer was demonstrated in this thesis to improve the quality of OCT 
imaging at high speed. The scanning system would also be useful in the time-domain 
OCT (TD-OCT) as well as in the swept source OCT (SS-OCT) imaging. Reflective 
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optics based spectrometers are used widely in spectral interferometric instruments. The 
designed cylindrical mirror based spectrometer could be integrated with the cylindrical 
mirror focused line scanning system to build reflective optics based OCT system for high 
imaging quality. To build a complete endoscopic LS-OCT system and utilize the state-of-
the-art of the reflective-optics focusing, following improvements are required: 
 Replace manual scanning mirror with a MEMS mirror for high-speed scanning. 
 In order to build miniature endoscopic probe, integrate the fiber optic beam 
collimator, the MEMS mirror scanner, and the cylindrical mirror in a single 
platform. 
 Integrate the developed scanning system and designed spectrometer to build the 
complete line-scan SD-OCT imaging system.  
 Finally, a graphical user software interface is required to operate the MEMS 




A.1 Line-scan SD-OCT signal processing algorithm 
In flying spot SD-OCT, the spectrally encoded interference data recorded by using a line 
scan camera, and then resampled into the wave number space. The axial profile can be 
obtained by Fourier Transformation (FT) of the resampled spectrum [31, 36-38, 113, 
114]. 
On the other hand, in line-scan SD-OCT, spectral signal obtained in an area scan CCD 
detector as a 2D array. Recorded signal can be processed by performing 1D FT or it can 
be processed by performing a 2D FT [115]. Signal processing flow chart of the line-scan 
SD-OCT is shown in Figure A.1. In the case of 1D FT, the 2D signal array is required to 
be divided into multiples of 1D array in the line direction. The resultant 1D array contains 
the similar spectral intensity data that is acquired by using a flying spot scanning. 
Therefore, these 1D arrays can be processed by using the same algorithm that has been 
used in the flying spot scanning [31, 36-38, 113, 114] and then combined together to 
create a 3D OCT image. Signal processing using LabVIEW based program for flying 
spot SD-OCT has been reported recently [114, 116]. In the following section, the 
methodology of depth profile generation from the sample is demonstrated. 
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Figure A.1: Flow chart of the line-scan SD-OCT data processing. 
A.2  1D FT based A-scan profile 
As discussed in Section 4.4, in line-scan SD OCT, the intensity distribution in the line 
direction has no influence on the interference signal. Therefore, divisions of acquired 2D 
array in the line direction will not affect the interference signal that contains the depth 
information. Interference signal and the resultant A-scan profiles for different depths 
were simulated by using the modified LabVIEW program that was developed by Xi P. Et 
al., [114]. An 843nm center wavelength light source with a FWHM spectral bandwidth of 
53nm that was utilized in the experimentation in Chapters 5 and 6 of this thesis is used in 
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the following simulation. The spectral range of this source is from 800nm to 880nm. The 
spectral intensity distribution of the SLD source is shown in Figure A.2. This spectral 
range is covered by 2048 CCD pixels with a spectral resolution of 0.08nm and resultant 
depth scan range is ~2mm.  A-scan profiles were simulated for four defined depth 
locations within the 2mm scan range. Assumed reflectivity at different depths is shown 
Table A.1 
 
Figure A.2: SLD spectrum profile 
The simulated interference signals and A-scan profiles are shown in Figure A.3 to Figure 
A.6. Simulation result shows that the signal is attenuated with the increasing of the depth 
location. This attenuation is dependent on the spectral bandwidth integrated by individual 
pixels as well as the spectrometer optics [114]. This depth dependent signal attenuation is 
known as sensitivity fall-off and its limits depth scan range of the OCT imaging. 
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Recently, non-uniform Fast Fourier transform (NUFFT) has been demonstrated and it 
shows OCT signal quality improvement by using this processing method [38].  1D FT 
based signal processing is demonstrated in this section for four depth locations within a 
single position on the focused line.  By applying the same process the rest of the positions 
can be processed and then combined to perform 3D imaging.  
Table A.1: Input data of the A-scan profiles simulation 






       
(a)                  (b) 
Figure A.3: a) Interference signal and b) A-scan profile at 100µm depth. 
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(a)         (b) 
Figure A.4: a) Interference signal and b) A-scan profile at 500µm depth. 
      
(a)                (b) 
Figure A.5: a) Interference signal and b) A-scan profile at 1000µm depth. 
     
(a)              (b) 
Figure A.6: a) Interference signal and b) A-scan profile at 1500µm depth. 
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